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ABSTRACT

The purpose of the investigation descrihed in this report was

- several-fold, covering mainly the following poirts: 1) to devise a simple
crack-propagation specimen for evaluating high-strength sheet materials;
2) to determine the crack-propagaiion characteristics of severa) high-
strength sheet materials;-3) to determine the effects of several
experinicntal variables on the crack-propagation characteristics of some
of these materials; and 4) to determine the validity of the crzck-propaga-
tion speeimen for predicting the biaxial strength of the high-strength
sheet materials. A sheet specimen called the "shear-cracked" specimen
was used extensively in the investigation. . This specimen, which contains
a central transverse crack or notch produced by means of a simple
punch-and-die fixture, can be produced very rapidly and econcmically.

It was established that the crack-propagation properties obtained
with the shear-cracked specimen were very similar to those obtained
with fatigue-cracked specimens of the quench-hardenable and age-
hardenable materials. A comparison of the crack-propagation properties

" obtained with sheet specimens and the burst strengths of model pressure
vessels of two steels (AISI 4130 and AISI 4340) indicated that the sheet-
type crack-propagation specimen may be useful in predicting the biaxial
strength of materials heat trcated to very high strength levels (in excess
of about 250,000 psi). . At lower nominal strength levels, the crack- ‘
propagation specimen is apparently too "severe' a criterion of the
biaxial strength bchavior of sheet materials.
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An Investigation of Methods for‘Detém'niniﬁg
the Crack-Propagation Resistance
of High-Strength Alloys

INTRONDUCTION

The geneval purpoescs otthis program were to establish a valid and
simple laberatory method for assessing the resistance to crack propa-
gcuation of hngh-strength structural materials and to use this method to
cvaluate the crack:- propagation resistance of a numoer of alloys under
various conditions of temperatire and toading. Such information is

-necded in the selection of materialsfor highly-stressed structures such
as high: speed arrcraft and rocket-motor casings. The need for a
minimum-weight structure in these applications has dictated the use
of ultra-tagh - suength sheet materials that normally have inherently
low resistance to crack propagation. In addition, many of the service
conditions to which these structures may be exposed, such as low
temperatures and high rates of stressing, impose turther embrittling
tendencies.  As a result of these over-all "embrittling effects, " failures
of these "high-strengih” materials have occurred at applied stresses
well below their yield strengths

The scope of the program embraces the points listed below in the
form of brief statements, in the order of their presentation in the-
report. These aims are:. '

1. To furnish crack-propagation data on various high-
strength atloys in a usclful range of femperatures.

To attempt to correlate crack-propagation data
obtamned with small sheet specimens witi burst
properties of model pressure vessels of the same

IR TR TR )
Ll Jeatk,

To investigate the effects of the following experimental
variables on crack-propagation properties:

{a) loading rate
(b) tempering temperature of steeis
(¢) sheet thickness

To compare different tynes of erack-propagation speci-
mens for shmiiarivies ana differences 1n the “properties®
they indicate for a given maierial.
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The order of presentation of these pomnts 's not meant to imply
the:r relatvce ‘mporwance; rather, it represents a rational method of
press ntat.ar tos e best atil'zauon of the experimental data.

i BaAsiS FOR EXPERIMENTAL APPROACH

The ASTAM Commiertee on [Firacture Testing ol High-Strength
She et Materials has recently published (1)) recommended techniques

‘fore devermin.ng crack-propagation characterisuces - n these articles,

the Commitiee reconnended the ase of two sorts of tensiie specimens,
the specime ns containmg either sharp-edge noiches or central crack-
like defects .nothe investigation described :n this report, a specimen
design f the latrer 'ype was used extensively This design is referred
to as the'shear -cracked specimen' (Figure 2) and is essentjally a
modification of *he central farigue-cracked spec'men used by Srawley
and Beachem (2)  The shear-cracked specimen has rhe advantage of
buing ¢asily ard econom «atly prepared, with quite reproducible crack.
dimensions i

Three general types of criter:a for crack-propagation resistance
are often obtaiaed with the notched or cracked sheel. specimens. These
types are: 1) norch strengeh or, equivalenily, net fracture s'trjess, these
values bemg "nominal strengths” obrained by “syg the ultimate load
by the or:g.nal net supporting area; 2) "percen: . 'in the fracture,
which is « quantttanive estimate ot that percentage of the fracture surface
ih which separaron by shear occurred; and 3) the "fracture-toughness"
parameters—-Ge and K --which are more fundamenral material proper-
ties that may be determmed with the aid of the Griffith-Irwin fracture~
mechanics theory  These terms are defined in reference (1). The
larger the values of G or Ke, the greater is the resistance of the
material to crack: propagation. - .

Thesc thrce criteria may be used to define brittle-to-ductile
transition temperamures in the fotlowing ways. 1) The net-fracture-
stress transion remperature 1s ofren defined as the lowest temperature
at which the net tracture stress ie equal to the yield stress. For some
materials, 1t 1s more convenient to define this transition temperature
as the temperature below which there is a sharp reduction in net fracture
stress 2) T'he "tull-shear' transition temperature, which is based upon -
the fracture apprarance, is the lowest temperature at which failure )
occurs with 1009, shear 3) A transition temperature may be

I Numbers in pareuheses refcr to the bibliography

! ~
S \’ { E
i

SOUTHERN RESEARCH INSTITUTE




Pl

-

. "

denined in terms of ihe eriticeal fracture-toughness parameters—Ke,
the stress-jitensity factor, and Gg, the crack-extension force—as
the temperature below which there is a sharp reduction in fracture
toughness. : o ‘ ‘ '

The specimen-desizn recommendations of the ASTM Committee
for fracture-toughness evaluations have been given in detail in the
ASTM Bulletin (1): these requirements are briefly summarized as
tollows: A

1  The specimen width-to-thickness ratio should be
in the range from 16-t0-1 to 45-to-1.

2. The length of the specimen should be such that the
© loading-pin holes will be at least 2.5 specimen-
widths apar:. K , o '

3. r'he initial crack-length to specimen-width ratio should
be from about 0.3 (o 0 4, for center-cracked specimens.
For edge-noitched specimens, the width of the unnotched
section should be 70Y, of the over- all specimen width.

If these requircments are met with the sheet specimen, it is then
possible to caleulate the tracturc-toughness parameter, K, when the’
ultimate load and the critical crack-length are known. The critical -
crack-length may he established by marking the extent of slow crack-
extension by means of a dye, such as India ink, or by other means.
Alternatively, an estimate of critical crack length may be calculated.
from the length of the slarting crack and the percent shear in the
fracture surface (1). The fracture-toughness parameter calculated
from these latter values is referred to as Ke,.

Frowm the calculated Kg values, it is possible to estimate ihe
maximum flaw size that can be allowed in a structure fabricated from
a given sheet material and to estimate the yield-strength level that
will attain the best "balunce" between yield strength and fracture
toughness, so that the probability of brittle fracture at stresses below
the yicld strength is minimized.
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I, EXPERIMENTAL PROGRAM

Inthe evaluations of the sheet materials, it was the gencral
practice to obtain the standard tensile properties and the crack-
propagation propertics of each material over a range of temperaturcs
that would coner the expecled service temperatures of the material.

A glow rate of leading was ugually emiployed, such that the specimens
gencrally fractuired i from 2 to 4 minutes. In one phase of the evalua-
tion program, the fracture properties of four aluminum alloys were
obtained under very specialized conditions of heating and loading that
simulated certam service conditions ro.which aircraft structures,
fabricated from these alloys, may be exposed. The exact experimental
conditions used for cach material and the details of the program to
correlate fracture oughness of sheet materialg with "service perform-
ance' of model pressure vessels will be given in subsequent sections.

A. DMlaterials Fvaluuted

In Table 1, a list'is given of all of the sheet materials that were
evaluated, with the sheet thicknesses and the heat treatments used.

Table 1

Sheet Materials Evaluated

Material Sheet Thickness, in. . Condition

AMS 6434 ~0.064 OQil-quenched from 1620° F;
(low-alioy steel) ‘ . tempered at 400° F for 2 hr
300nT 0.080 Oil-quenched from 1600° F;
(low-alloy stecl) : ‘ dovble tempered at 600° F

: for 3 hr each cycle
Type 301 0.046 50% cold reduced
{austenitic stainless-
steel) "
ATST 4130 G.042 Cil-yuetched from 1970° F;
(low-alloy steel) tempered at 400° F for 2 hr
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Table 1 ((‘on?inue'd)‘

-Sheet Materials Evaluated

Sheot Thickness, in

AN 350
(semi-austenitic
stainless steel)

17-7 pH
(precipitation-
hardening stainiess
steel)

AISI 4130
(fow-alloy steet)
AIST 4130
(low-alloy steel)
AIST 4340
(low-alley steel)
Inconel-X

( nickel-base alloy)

ATST 4340
(tlow-alloy steel)

7075 Aluminem
7079 Aluminum

2024 Aluminum

X 2020 Aluminum

0 040

0.040

0.100

0.100

0.064

0.064
0.120

0.064
0. 064
0.064

0.064

Condition

Water-quenched from -
1725° F: refrigerated at
-105° ¥ for 3 hr; aged at
850° F for 3 hr.

Air cooled from 1400° F;
held at 90° F for 1 hr;

aged at 1050° F for 1 1/2
hr '

Oil—qixenched from 1700° F;
tempered at 825° F for 1 hr
Oil- quenched from 1700° F;
tempered at 400° F for 2 hr
Oil-quenched froim 1600° F;

double tempered at 400° I
for 2 hr each cycle

Aged at 1300° F for 24 hr -
Oil-quenched from 1600°(F;
tempered at 425° F for 2 hr
T—6.

T-6

T-86

T-6
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Seamiess model pressure vessels of AISI 4130 and AISI 4340 steel
Cwere obtained from thie fabricater, the Kidde Acro-Space Division. The
hent treatments used to obtain given nominal sirength levels in these

vessels are shown in Table 2.

Table 2

Model Pressure Vessel Materials and Conditions

Material Nominal Strength Level Condition o

‘ AISi 4130 200,000 psi O1l-quenched from 1700° F;

xi- (low-alloy steel) : tempered at 825° ¥ for 1 br
—;L- , AISI 4130 240.000 psi Oil-quenched from 1700° F;
’ (low-alloy steel) tempered at 400° F for 1 hr

» AISI 4340 240,000 - Oil-quenched from 1600° F;
(tow-alloy steel) 262 000 psi tempered at 425° F for 2 hr

B. Specimcns

Standard tensile specimens prepared from each of the sheet
materials had gage-sections 2 in. long by 3/8 in, wide: A typical
tensile specimen is shown in Figure 1. '

' The "lugs' at the specimen gage-points were used to actuate a
e special "clip-on' extensometer that can be used to measure strain over
' a wide range of specimen temperatures. '

The shear-cracked specimens, used to obtain the crack-
propagation dat:, where prepared with a special punch-and-die fixture

’ . © . that makes a transverse slit of the desired length through the thickness
P of the specimen, A typical shear-cracked specimen is shown in Figure 2.
/ FFour punch-and-dice fixtures were available for making shear-cracks of
S B the following icengths: 0.20 in., 0,35 in., 0.58 in., and about 1.05 in.
S : These fixtures can be used on sheet thicknesses up to 1/8 in. This

variety of obtainable shear-erack lengths is suitable for specimen widths

up to 3 in. Generally, two widths of crack-propagation specimens were
| used in this work,  For sheet thicknesses from 6,340 iu. 06,086 in.
] ‘ specimens 1.5 in. wide were used. witn a shear-crack length of 0. 58
"t
o
‘ SOUTHERN RESEARCHM IP:SYIT\JYE
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Figure 1. Sheet Tensile Specimen
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Figure 2. Typical shear-cracked specimen
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in.  IFor sheet thicknesses in excess of 0.080 in. , specimens 2. 65 in.
wide were used, with a chear-crack length of 1.05 in.2 These dimen-
sions met the requirements established by the' ASTM Commiitee on =
Practure Testing of High Strength Sheet Materials (1) for width-to-
thickness raiio and for crack-length-to-specimmen-widih r'atiu. The
crack-propagation specimens of quench -hardenable and age hardenable
materials were shear-cracked in the annealed condition and were then
heat treated.

The model pressure vessels used i the comparative program
were obtained in the heat-treated condition from the Kidde Aero-Space
Division. ‘the AISI 4130 steel vessels were 205-cu-in. seamless
(cold-drawn) gas cylinders.5 210 in in diamerer, with a wall thickness
I of 0.105 in. The dimensions of a typical 4130 steel cylinder are shown
in Figure 3. Because of the lin.ited amount of sheet stack available,
the 4340 steel vessels were for,ned to a smaller dinmeter (3,53 in.}

than the 4130 steel vessels,

C. Equipment and Procgdure

A special screw-type tensile loading machine, designed and built

at Southern Rescarch Institute, was used for determining the standard
‘onsile properties of the sheet materials (and for the crack-pronagation
specimens when rapid sirain rates were required). With this machine,
a range of strain rates of from 0.00005 1n. /in. /sec to 1.0 in. /in /sec

can be obtained for standard tengile specimens of 2 in. gage length.
lisually, the stundard specimens were loaded to failure at a strain rate
of 0.0001 in. /in. /sec. Both the load cell and the extensometer use
strain gages to produce electrical signals proportional to the load and
‘to the strain within the 2-in. gage scction of the specimen. The recorded
stress-strain enrves were photegraphed by a Polarcid-Land camera '
{rom a cathode-ray oscilloscope. Most of this equipment was developed
during the past seven years uncer several research contracts sponsored
by the U. S. Air Force. A detailed description of the equipment is
contamed in WADC TR 57-649. :

2 The one exception was the 4340 steel sheet used to obtain crack-
propagation data for comparison with the burst properties of the
4340 s:cel vessels. Because of tue very small amount of sheet stock

“available, the crack propagation specimens prepared from thlS
0. 120 . -thick stock were 1.87 in. wide.

SQUTHER: -<SEARCH 'NSTITUTE
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The crack-propagaiion specimens were usually loaded to failure
i a Tinius Olsen tensile machine at a free crosshead-travel rate of
abeut 0.01 in. /min  This rate caused fracture within 2 to 4 min.
When it was desired to deter mine fracture properties at very high
rates of loading, the crack-propagation specimens were fractured in
the SRI tensile machine. o

The desgired specimen temperature was obtained in the following -
ways for both the standard tengile specimens and the crack-propagation
specimens. TFFor the low-temperature work, the central 3-in. section
of the specimern: was enclosed in an insulated cold-box that was contin-
unnsly swept with cold nitrogen gas. ‘The nitrogen gas was cooled by
passing it through a heat-exchange coil immersed in liquid uitrogen.
With this systemn, specimca temperslures as low as -250° F could be

‘attained. For the elevated-temperature work, the specimens were

heated and then maintained at a constant uniform lemperature by two N
focused radiant-heating fixtures. Both surfaccs of the specimens were . ' '
uniformiy fiooded with radiant energy from G E. Type 500 T3/CL

“tubular infrared lamps with clear quartz envelopee. The output from a

single. lamp in each reflector was concentrated upon the surface of the
specimens by a focused reflector in the form of a three-quarter sec'ion
of an elliptic cylinder. ' '

Temperature control was effceted by means of a 36-gage chromel-
alumel thermocoupte, tiash-welded to the specimen and. connected to a
temperature controller working i conjunction with the radiant lamps for
the elevated-temperature work, or in conjunction with a solenoid valve
in the nitrogen-gas line tor the low temperature work.

With the equipment described. . standard tensile properties and
crack-propagation propertic © could be determined at any temperature
from about -250° 1 to 1200° 1. - . ' /

The equipment for determining the burst strengths of the madel
pressure vessels consisted of a hydraulic hand-pumg connected to the
vessel by means of special high-pressure tubing and fittings. The
system pressure was read on a bourdon-tlube gage, which was calibrated
by means of a dead-weight gage tester. [or the evaluations at room
temperature, hydraulic-pump vil was used as the pressurizing medium. .
For the low-temperature worhk, trichlorethylene was used as the ‘ \
hydrautic medium, and the vessgel was immersed in a bath of trichlor-

ctavlene and dry {ee.  ps tamperatures helow the equilthrinem

\ SOUTHERN RESEARCH INSTIT‘U\'EM
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iemperature of the dry-ice bath (-105° F), additional cooling was effected
-hy means of a heat-esxchange coil in the bath, liquid nitrogen being
introcuced into the coil until the desired temperature was reached. Tor
the elevated-temperature work, thc pressurizing medium was a high-
flash-point turbine oil, which was also used in the bath surrounding the
vessel. The oil-bath was heated with immersion heaters.

D. Eilecrrical Measurement of Siow-Crack Extension

As hag been previcusly noted, the most direct method of calcnlating
the critical fracture-tnughness parameter, K., depends upon knowing the
crack length at the onset of rapid crack-extension. Probably the most
widely used method of determining this critical crack length has been to
. stain the fracturc surfaces formed during slow crack-extension. However,
there are objections to the use of the staining method. First, the applica-
tion of the ink-staining method is limited to near-ambient temperature
environments. And sccond, there is recent evidence that the presence
of aqueous materials in the slowly extending crack lowers the fracture
strength of the material (3).

In the course of this program. an electrical method of measuring
slow-crack extension was developed, and some preliminary experimental
work was done using this method. In the electrical method, a regulated
direct current of low amperage (10 amps) was passed through the specimea,
and the potential-drop across the crack was recorded ae a function of
time as the specimen was loaded to failure. Connection to the recording-
potentiometer input was made by 36-gage wires flash wclded to the speci-
men at points in the center of the specimen width and on oppcsite sides of
the crack. Calibration standards for the method were specimens of the
same material as the cxperimental samples and containing cracks of
known length, "

One limitation to this method of determining crack length is that
the method should be applied only to specimens that are in fairly
brittle condition, in which there is no general plastic flow across the
net supporting section. This brittle state often implies a low-temperature
environment, and it is probable that the electrical method is most useful
for specimens Niactured at low teinperatures,

'The cursory invesligation of the eiectrical method for measuring
critical crack-length was made in conjunction with the evaluation of

SOUTHERN RESEAM W |N"I?UY¢-.
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shear-cracked specimens of AM 350 and AISI 4130, Some "K(;-l” ata
obtained by means of this method will be shown in the results for the
4130 steel. ’ : :

1v. EXPERIMENTAL RESULTS

The experimental results for the entire program are presented
the four general sections which follow. In the first section, crack-
propagation properties (as obtained with shear-cracked specimens)
and coinpaiaiive standard wnsiic properties ot each sheet material
are presented. For the low-allo: steels and stainless steels, these
properties have been obtained as a function of temperature, at a slow
rate of loading. VFor the aluminum alloys, it was necessary to use
very specialized conditions of heating and loading to obtain the desired
data, and these data are given in a separate sub-section.

Some of these basic data reported in the first section, A, entitled
"Evaluation of Crack-Propagation Characteristics of Sheet Materials, "
will again be utilized for comparative purposes in subsequent sections
which deal with; B) correlation of crack-propagation data with burst
strengths of model pressure vessels, () effects of several experimental
variables on crack-propagation properties, and D) comparison of results
obtained with different types of crack-propagation specimens.

A. ‘Evaluation of Crack-Propagation Characteristics of Sheet Materials

1. Low-Alloy Steels and Stainless Steels

‘ ‘ The results of the evaluations of the low-alloy steels and stainless
s steels are presented in tables and graphs which are identified as

follows: .
. Sheet Material Properties Table No. Figure No.
AMS 6434 Standard tensile 3 -4
AMS 6434 Crack-Propagation | 4 4&5 .
300M Standard tensile 5 6

SOUTHERN MeseanCr INSTITUTE




i " AISI 4340 Standard tensile 18 14
e (0.064 in. thick) - Crack-propagation 19&19A 14

| Inconel-X Standard tensile 20 15
Crack-propagation 21 15

AISI 4340 (vacuuiz Crack-propagation 22 16

Sheet Mater:al
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Properties

Tablel Nec.: _F_igure No.

240,000 psi level)

remelted)
(0. 120 in. thick)

The data tables are included in Appendix A. The figures showing

comparative standard tensile properties and crack-propagation proper-
ties for each of the steels, together with a short discussion of the ’
results, are presented in the following pages.
that the crack propagaticn spccimens used to obtain these data were

g 300 M Crack-propagation 6 6
301 (50% CR) Crack-propagation 7 i
AIST 4130 Standard tensile 8 8
(0. 040 1a. iick, Crack-propagation 9 8

240,000 psi level)

o e e el . -~ . -

-AM 350 Standard tensile 10 9
Crack-propagation 11 9

\ “17-7 PH Standard tensile 12 10
A Crack-propagation 13 10
A AISI 4130 Standard tensile 14 11
(0.100 in. thick Crack-propagation 15 11 &12
200,000 psi level) '
AISI 4130 Standard tensile 16 13
(0.100 in. thick, Crack-propagation 17 13

It should again be noted

shear-cracked specimens of either 1.5in., 1.87 in., or 2. 65 in, over-
all width, depending upon sheet thickness. These specimens were loaded
iv {aiiure nivwly ai varivus temperatures fraciure vccuring in from 2iv

-
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4 min after loading was initiated. The crack-propagation daia shown in
the ligures are net fracture stress? (or, identically, notch iensile
strength) and the percent shear in the fracture surface. This percent
shear vzlue is defined as the percent of the specimen thickness repre-
sented by shear-borders in the [racture surface, as measured ac a
point frem e to two times the specimen thickness from the end of the

specimen.

For one material, AISI 4130 shect (0. 100 in. thick, 200,000 psi
strength level), Ke, values are plotted in Figure 12 ag a function of
temperature Two values of K¢, obtained with the aid of the electrical
method of measuring critical crack length, are also plotted in Figure 12.
For many of the sheet materials evaluated, K¢; values arc shown in the

" data tables, Appendix A, along with the other properties, net fracture
stress and fracture appearance

3 The use and limitations of net fracture stress a8 an indicaticn of crack-
propagation resistance have been reviewed in detail by J. E. Srawley (2).
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The standard tensile properties and fracture properties of the
AMS 6434 steel are compared in Figure 4 for the temperature range

" from -200°F to 600° F. The fracture surfaces of the specimens are

shown in Figure 5. The full-shear transition temperature for this

material was

-1N0° F. The transition temperature as indicated by the

net fracture stress is good agreement with the full-shear transition

winperature.

For the standard tensile specimens, both the 0. 2%-

offset yield stress and the. ultimate tensile stress show a marked
"maximum" at about 350° F. This mnaximmum corre.ated with a decrease
in net fracture stress. It is believed that these effects are a result of

strain aging.
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The rtandard tensile properties and crack-propagation proper-
ties of the 300 M alloy are shown in Figure 6, for the temperature
range from -200° F to 800° F. This alloy has a less well defined
fracture-appearance transition temperature than does the AMS 6434
steel, and the net fracture stress does not approach the yield strength

below 800° ¥.

This is a marked drop in net fracture stress in a broad

temperature range from about 250° ¥ tc 700° I', which effect may be
associated with the strain-aging "'maximum' shown in the standard
tensile properties.
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.The standard tensile and crack- propagation properties of Type
301 full-hard (50% cold-reduced) stainless steel sheet are compared
" in Figure 7. These properties were obtained for the temperature
range from -200°F to 600° F. The shear-cracked specimens of this
material had considerable ductility even at the lowest temperature
(-200°* F), and the net fracture stress corresponded closely to the
ultimate tensile strength over the entire temperature range, being
highest at -200° F. '
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In Figure 8 is shown a comparison of the standard tensile proper-
ties and crack-propagation properties of 0. 040-in. -thick AISI 4130
sheet, heat treated to a nominal strength level of 240,000 psi (tempered
at 400° F). This tempering treatment resulted in the rather low transi-
tion temperature of about -150° F for the 4130 sheet. Again, the "strain-
aging effect" was evident, there being a maximum in ultimate tensile
strength and a minimum in sharp-notch strength at 350° F.
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Figure 9 shows a comparison of the standard tensile properties
: and fractui e properties of AM 350 sheet (0.040 in. thick) in the SCT
/ (850) condition. This material had a transition temperature of -50° F,
: on the basis of net fracture strength, and -100° F, on the basis of
fracture appearance.
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_ Figure 11 shows the stan
propagation properties of 0.100-in -thick AISL 4130 s

teel sheet at the

200,000 psi strength level (tempered at 825° F).  For this material,
there was a sharp brittle-ductile transition, as shown by fracture
strength and fracture appearance, al a temperature of -50° F. There

was also evidence uf struin-aging effects at 300-350°

will be utilized in a subsequent section for comparison with the burst
propertirs of model pressure vessels fabricated from 4130 steel and

tetopered to the same strength levei (200,000 psi)

F. These data

-
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In Figure 12 are plctted values of fracture appearance and frac-
ture toughness, Kc,, as a function of temperature for the AISI 4130

steel at the 200,000 psi strength level.

The values were calculated

from the maximum load data, the initial crack-length vaiues, and the

‘ . fracture-appearance data for the shear-cracked specimens.
‘ specimens, one fractured at room temperature and one at -150° F,

For two

K., values were calculated from critical erack lengths measured by the

ink-stain method or by the eleclrical resistance method

The brittle-

ductile transition temperature of this material’ was shown te be -50° F

-

‘y the fracture-toughness criterion as well as by the fracture-strength
and fracture-appearance criteria.
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Here is shown a comparison of the standard tensile properties
and crack-propagation properties of 0 100-in -thick AIS] 4130 steel '
sheet, heat treated to 240,000 psi nominal tensile strength level
(tempered at 400° F). The transition temperature of this material
was -100°F, and there was a pronounced stram-aging maximum in
smooth tensile-strength values that coincided with a drop in fracture
strength at about 350° F. These data, obtained with sheet specimens,
will also be presented graphically in a later section which compares
the properties of sheet specimens with the burst properties of model

vessels. :
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Figure 14 shows the resul's of an evaluat o» madre of 0.063-in - I
thick AISI 4340 siecl sheet specimens fur standard tensile properties and e
fracture properties. This material was heat tre1'ed to a nominal strength o
level of 280,000 psi (tempered a' 400" F) Two sor's of shear-cracked ,
specimens were used: the usual type—as appears in Figure 2, and a few : :
specimens that were “flattened" after shear-crack.ng to remove the ‘
protrusions and the discontinurty in the shee* plane. Both types of o
shear-cracked specimens indicated ihe same rather broad transit.on » .
range. The best estimate of a "transition temperature™ s aboat 75 F, ;
on the basis of the two criteria. net fraciure stress and fracture appear-
ance. The "strain-aging effect," «t a temperature of abour 350 F, was
quite pronounced. The "{lattened" specimens were slightly more sens;- '
tive—showed lower net fracture stress--than the "siandard"” shear- .
cracked specimens.
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Figure 15 shows a couparison of the standard tensile properties
and crack-propagation properties of 0.064-in. -thick Inconel-X sheet,
aged at 1300° F for 20 hr. As is evident in this figure, the Inconel-¥ -
is quite notch-insensitive over thc wide temperature range from -200°F

to 1000° F.
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/'_» This figure shows the results of an evaluation of shear-cracked

' specimens of 0.120-in. -thick, vacuum remelted, AISI 4340 sheet, oil-
quenched from 1600" F and tempered 2 hr at 425° F.4 Because of the
limited amount of sheet stock avaiiable, no standard tensile specimens
were prepared; the shear-cracked specimens used were 1. 87 in. wide.
The crack-propagation transition temperature for this material, as
shown by a sharp decrease in net-fracture stress and in percent shear,
is about 0° F. These data will again be used to compare with burst
properties of 4340 steel model vessels, at the same strength level.

This material was decarburized at some point in the production of the
sheet, and the nominal strength level obtained by the indicated heat treat-
ment was in the range of 240 _NON-262 000 pai
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2. Aluminum Alloys

< Alrcraft structures, fabricated from aluminum alloys, may be
exposed to certain service conditions that impose sudden heating and °
stressing. Informaticn is needed on the resistance to crack-propaga-
tion of aluminum structural sheet alloys under these simulated service
conditions. Four aluminum alloys—7075-T8, 7079-16, 2024-T86, and
X2020-T6—have been evaluated to determine the eifects on fracture
propertics of very rapid stressing following two dilfereai healing condi-
tions—heating very rapidly to temperature and immediately loading to
failure or heating to temperatire and holding for 30 min before loading.
Both standard tensile properties and fracture properties were determined

for each experimental condition.

The standard tensile specimens and crack-propagation specimens
were prepared from 0.063-in. thick sheet samples of the four alloys,
which were obtained in the heai-‘reated condition from the Aluminum
Company of America. The shear-cracked specimens were 1.5 in. in
over-all width, the crack-length to specimen-width ratio being about
0.38.

The experimental conditions used for each alloy were as follows:
temperatures of 75° F, 200°F, 300° F, and 400° F; holding times at
temperature (before loading) of 0 sec and 1800 sec; time to reach
temperature—4 sec; strain rate of 0.1 in. /in, /see. Thisg strain rate
was such that the 0. 2%-olfset yield strength of standard tensile speci-
mens was reached in 0.1 sec or fracture of the crack-propagation
specimens was produced in.about 0.1 sec.

The gpecimens were loaded to failure in the Southern Research
Institute rapid tensile machine. Heating was effected by means of
radiation lamps, which were regulated by thermocouples flash-welded
to the specimen and operating through a temperature controller.

Fracture properties were determined for all conditions of temp-
erature and holding time with shear-cracked specimens.

All of the data are presented in tables and graphs as shown below:

Alloy - Properties . Table No. ' Figure No.
7075-T6 Standard tensile 23 by
?075-"[‘6 ' Crack-propagation . 24 17
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Properties

Table No. k

» ;F_igure No. .

Alloy
? 7079-T6 Standard tensile 25 i8.
o 7075-T6 Crack-propagation 26 18 |
2024-T86 Standard tensile 27 19
R : 2024-T86  Crack-propagation 28 19
£ X2020-T6  Standard tensile 29 20
:'.- | X20620-T6  Crack-propagation 30 20

These data tables are given in Appendix A. The figures (17-20) showing
comparative standard itensile properties und crack-propagation properties
for each of the aluminum alloys, with a discussion of the results, follow
immediately. (In a subsequent section, a comparison will be shown of
crack-propagation properties obtained with the shear-cracked specimens
and with fatigue-cracked specimens of the four aluminum alloys, loaded

- to failure in 0.1 sec.)
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As is shown in Figure 17, the standard tcnsiie properties of
the 7075-T6 alloy decreased steadily with incieasing lemperature.
o In the range from 200°F to 300° F, ultimate strength of the samples
-~ v held for 1800 sec at temperature before loading was slightly higher
‘ than the zero-holding-time specimens, but at 400° F this trend
reversed probably as a result of over-aging. At room temperature,
the fracture strength was somewhat below the yield strength, reflect-
ing a moderately brittle condition of this alloy. As the temperature
; was increased above 75° F, the fracture strength approached the
yield strength, and at about 250° F, the full yield strength of the
- material was realized even in the presence of the crack-likc defects
represented by shear cracks. The fracture strength of the shear-
cracked specimens held for 1800 sec at teiaperature before loading .
increased with increasing temperature. . . :
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Figure 18 shows the comparison of properties for the 7079-T6
alloy. The standard tensile-strength properties of the 7079-T6 showed
a slight maximum at 200° F that coincided with a slight dip in net
fracture strength. At all temperatures, however, the net fracture
strength was very close *o, or in excess of, the yield strength. No
pronounced effects of holding time were evident for the 7079-T6
| material, with the exception of an indication of apparent over- aging

at 400° F.
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Figure 19 shows the comnparison of tensile and fracture properties

for the 2024-T86 aluminum.

Increasing temperature produced a mod-

erate and almost linear decrease in standard strength properties of

this material. Fracture strength, which was above the yield strength at
room temperature, fell below the yield strength in the range from 200° F
to 300° F and was equal to the yield strength at 400°F. There were no
pronounced effects of holding time on the strength properties of this
alloy at temperatures up to 300° F, but at 400° F there was a slight
amount of over-aging as indicated by the decrease in yield and ultimate
strength with increasing holding time.
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The tensile and fracture properties of X 2020-T6 are shown in
Figure 20. The reduction of tensile sirength properties resulting from
30 min holding time at temperature was slightly more pronounced ia
the X 2020 T6 alloy than in the othcr aluminum alloys. The fracture
strength, which was not appreciably affected by holding time, was
well below the yield strength at terapcratures below about 400° F. The
X 2020-T6 was, on this basis, the most "brittle" of the four alloys.
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B. Evaluation of Modet Pressure Vessels

The ultimate aim of the erack-propagation test is to predict the
service performance of missile motor cases and other structures exposed
to complex siress states. One important phase of this investigation has
been concerned with correlating cruck-propagation properties, as
measured with cracked specimens, with burst properties of model
pressure vagsels fabricated of the samce material. Two high-strength
steels were used in this investigation—— AISI 4130 and AISI 4340. The
model vessels [abricated from these stee!s were seamless, having been

formed entirely by drawing and spinning techniques. In such form, the
vessels contained no stress-concentrating defects such as are often pro-
duced by joiring operations. Therefore, the burst properties of these
vesséls, in which the effects of fabricarion were kept to a minimum,
represented more nearly the inherent biaxial strengths of the materials
themselves. : ‘ :

The maximum hoop-stress values and fracture appearance data
for the model vessels are given in the data tables and graphs as shown:

Table Figure “
Vcssel Material No. No. \
AISI 4130 - 200, 000 psi strength level 3 21 & 22
AISI 4130 - 240,000 psi strength level - 32 23
AISI 4340 - 240,000 -262, 000 psi strength level 33 24 - 27

The data tables appear in Appendix A. The figures, showing burst
properties of the vessels and tensile and fracture properties of the
comparative sheet specimens plotted as functions of temperature are
presented in the following sections. Briefl discussions of the results
are also given, and photographs of some of the fractured vessels are
shown. : ‘
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Figure 21 shows the burst strength and fracture appearance data
for the 200,000 psi strength "evcl AISI 4130 steel vessels and the
standard-tensile and crack-propagation data obtained with shcet speci-

mens of the same nominal strength level. Hoop stress at burst generally
decroased with increasing temperature, and no fracture-stress transxnon

temperature was evident for the vessels.

, As is shown in Figure 22, the 4130—stée1've3'sels, in this ductile
condition, deformed considerably before fracture, particularly at room

temperature and at elevated temperatures. In the vessels fractured at

-105° F and -160° F, the fractures extended into or completely through -

the end closures, indicating that some rapid, low-energy extersions of
the fractures occurred at those téemperatures, These fractures that
extended into the thicker end-closvre regions were characterized by
increasing tendency toward brittle fracture, becoming fully hritite (fiat
tensile) in the thickest portions of .the end closures.
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Data presented previously (Figure 8) have shown that AISI 4130

. steel (0.040-in. -thick sheet) heat treated to 240, 000 psi strength level

(tempered at 400° F) has good fracture toughness and a low transition
temperature, -150° F. In view of these properties, it was thought
advisable to evaluate a few 4130 steel vessels at the 240,000 psi strength
level to determine the biaxial properties of this material.” The results
of this evaluation and the comparative properties of shear-cracked
specimens and standard tensile specimens, prepared from 0. 100-in. -
thick sheet, are shown in Figure 23. On the basis of these few data, -
it is evident that the biaxial strength of this material is excelient—-
essentially 300,000 psi at room temperature and at -105° F. There
was a wider spread of burst strength values at -105° F than at 75° F,
but there are insufficient data to take this as an indication of a tendency
toward "brittleness. " However, the fracture-appearance data for the
vessels do indicate a possible tendency toward brittleness at -105° ¥, .
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Here are shown the résults of the evaluation of the AISI 4340
steel (vacuum remelted) vessels and the comparative data obtained
with shear-cracked specimens from the same sheet stock as the vessels.
Originally, it was planned to evaluate 4340 model vessels heat treated
to two nominal strength levels—-180, 000 psi and 290, 000 psi. However,
it was found that .he vacuum-remelt 4340 sheet stock, from which the
vessels were formed, had been decarburized to a considerable degree
at some stage in the processing of the sheet. Since the 290,000 psi
strength level could not be attained with the decarburized stock, it was
decided to usc one heat treatment for all of the vessels. The vessels
were Lardened and then lempered - at 425°F, this treatment producing a
range of nominal strength fraom 240 00N nai +n 2R (MM nei in companion
tensile bars
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Because of tue iimited amount of sheet stock available, vessels
fabricated from the 4340 stock were of smaller diaineter (3. 52 in.)
than were w10 4130 vessels (5. 21 in. ) described previously and shown -
in Figure 3. ‘The length of the cylindrical section of the 4340 vessels
was approximately 9.5 in., and the nominal wall thickness was §. 095 in.
RBurst properties of these vessels were determined at three temperatures,
T5° I (six vesscls), -20° F (six vessels), and -105° F (seven vesscls

As is shown in Figure 24, the highest and most consistent values
of biaxial strength were obtained at -20° . Because of the much wider
spread in burst strengths obtained at -105° F, together with the generally
lower values at -105° F, it is probable that -20° F can be taken as an
approximate ''transition temperature" for the vessels. The same trend
is reflected in the fracture-appearance data for the vessels. It is
interesting that the net-fracture-strength data and the fracture-appearance

- data obtained with shear-cracked specimens also tend to show a transition =

from ductile to brittle behavior of this 4340 material in the same general
temperature region, specifically at 0° F for the shear-cracked specimens.
It should be pointed out that the 20-degree discrepancy between transition
temperatures for the vessels and the shear-cracked specimens may be
“due in part to a thickness difference. The shear-cracked specimens were
prepared from a piece of the original shect stock from which the bottles
were formed, this stock being initiatly 0.120 in. thick. The final thickness
of the vessel walls was 0. 095 in. It might be expected that the shear-
cracked specimens would exhibit a slightly higher transition temperature
than the thinner material of the vessel walls (4).

On the basis of these limited daia presented in Figure 24 for the
AISI 4340 steel, it scems evident that there is, to & significant degree,
a Corriiative. @ ‘e burst properties of the vessels and the net-
fracture-strengin-uvata and fracture-appearance data obtained with
crack-propagation specimens. These comparative data show that at
temperatures below 0°F there is much greater probability of premature
failure of the vessels at relatively low applied stresses even though
" these vessels are relatively free from fabrication defects such as might
be present in weld zones. The detrimental effects of such fabrication
defects as are sometimces present in welds on the biaxial strength of ultra-
high-strength sheet materials has been recently demonatrated by other .
investigators (9).

Phntngranhe nf eome tvnicgl fractured 4340 ctool +
in Figure 25 (for the experiments at w° I}, F
Figure 27 (-105° F). One of the vessels, B-14
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nominal strength levei) fractured at -103° F.
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rather "typicatly” brittle manncr at -105° F, at a hoop stress of 263, 000
psi. In this "brittle” failure, circumferential extension of the fracture,
just abaove the center of the vessel, cut the vessel in two. This portion
of the fracture was almost completely cleavage (flat tensile), whereas
the main lengitudinal fracture in this vessel was 60% shear. It is

" interesting that. at each temperature, the lowest burst strengths were

obtained with vessels that exhibited "smooth" fracture surfaces, consisting

iurgely of shear, but with the fracture extending ir one plane in one

direction from the point of initiation in the wall and in another plane in

the other direction from the initiation point. In the vessels with the

highest burst strengths, the fracture surfaces on each side of the initia-

L;on points tended to alternate from one plane to another, creating a
"serrated” effect. These phenomena are evident in the photographs of

the vessels, ligures 25-27.

It has teen stated that the 4340 sheet stock, from which the bottles
were formed, was known to have been decarburized to a significant, but
variable, extent. To give added insight into the behavior of the 4340
vessels, a limited metallographic examination of samples of the vessels -
was made to determine the degree of decarburization near the point of

- fracture initiation. of each vessel. Inclusion counts were also made on

these samplcs. Samples, adjacent to the metallographic samples, were
obtained for chemical analyses for phogphorus, sulphur, and residual
gases—oxygen, hydrogen, and nitrogen. °‘I'he results of these examina-
tions and analyses are presented in Appendix HB. p. 108.

C. Effects of Experimental Variakles on Crack- Propjatmn Character—
istics of Sheet Materials

Certaina environmental and material variables have been shown to
have a controlling effect on the mechanism by which very high strength
materials will fail. Some data have been presented on the effects of
sheet thickness (4), and some rath.r extersivi. investigations have been
made of the effec's of nominal strength level on crack-propagation
characteristics (D). Some very limited data are available showing the
infiyence, or relative lack of influence, of loading rate on crack-
propagation propertics (4). In very brief summary, it can be stated
that generally these investigations have shown tha! increasing sheet
thickness and increasing nominal strength level both tend to increase

"the probability of brittle fracture. It might be expected that increnaing

the loading rate would, by dynamic elevation of the yield strength, also
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: . A S e
increase the probability of brittle fracture, although apparently little
experimental evidence has been obtained to quhstantlate this latter
conjecture, .

In this investigation, the etfccts of these three variables have
heen touch~d upon to a very limited degree. In the following sections,
use is made of crack-propagation data already reported in Section IV-

A to show the effects of two different tempering temperatures and two
different sheet thicknesses on the fracture properties of AISI 4130 steel.
Some additional data were obtained for 17-7 PH and AM 350 steels at a
very fast loading rate, and these data are compared with the slow-
loading-rate data from Section IV-A to show the effects of fwo different

loading rates on fracture properties.

1. Effcet of loading Rate on Crack-Propagation Characteristics

The two sheet materials selected for this study were the austenitic
or semi-austenitic, precipitation-hardening stainless steels—17-7 PH
and AM 350. Since these materials are characteristically rather unstable,
it was believed that they might be responsive to changes in strain rate.
Two different types of crack-propagation specimens were used in these
experiments. For the AM 350 sheet, shear-cracked specimens and
fatigue-cracked specimens were used; for the 17T-7 PH sheet, fatigue-
cracked specimens oniy were used. ‘I he fatigue-cracked specimens
were prepared by axially futigue- loading specimens with sub-size shear-
cracks (0.40 in. long) until the cracks had extended to the desired length
(aboutO 60 in. over-all).

The samples were ioaded to failure within 0. 1 sec, in the Southern
Research Institute rapid tensile machine, within the same general
temperature range used previously to obtain the slow-ivading rate
data. The two nominal loading rates used were rather widely disparate,
being about 1 x 103 psi/sec and 2 x 10° psi/sec. :

The properties obtained for these two alloys at the fast loading
rate are shown in Tables 34 and 35 for the AM 350 and Table 36 for the
17-7 PH. The comparative slow-loading-rate data, obtained with
fatigue-cracked specimens, appear in Table 35A for the AM 350, and in
Table 37, for the 17-7 PH. These tables appear in Appendix A. The
effects of loacing rates are shown graphically in Figurcs 28, 29, and 30.
which follow.
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Figure 28 shows the effect of the twu different loading rates on
shear-cracked specimens of AM 350 sheet (SCT - 850 condition, 0.040
in, thick). Apparently, greatly increasing the loading rate had the
effe~t of decreasing the brittle-to-ductile transition temperature of this
alloy. The effect is evident for both the nei fracture stress and the
fracture appearance.
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Figure 29 compares the effects of the two loading rates using
fatigue-cracked specimens of the AM 350 sheet (SCT - 850 condition,
0.040 in thick). Here, generally the same results are shown as in
Figure 28, for shear-cracked specimens: a lowering of the transition
temperature with increased loading rate.
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The effcct of increasing the loading rate for 17-7 PH (TH 1050)

sheet was to "sharpen" the net-fracture-stress transition temperature
and to increase slightly the fracture-appearance transition temperature.
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2. Eifect of Tempering Temperature on Transifioh Temperature
of AISI 4130 Steel .

It has already been mentioned that considerable data have heen
obtained showing that heat treatment (nominal strength level) has a pro-
nounced influence on the crack-propagation properties of high-strength
sheet alloys. Generally, the higher the nominal strength level, the
greater is the notch sensitivity of the material.

‘There are certain éxceptions to this genera! rule. Srawley and
Beachem (6) reported exceptions in the case of a low alloy steel, AMS
6434. Another such exception was evidert in this investigation for

AISI 4130 steel.
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In the above figure, net-fracture stress data and fraclure-
appearance data, obtained with shear-cracked specimens of 0. 100-
in. -thick AISI 413C steel at two strength levels, are plotted as a
function of test temperature. The two nominal strength levels were
200, 000 psi (obtained by tempering at 825° F') and 240, 000 psi
{cbtained by tempering at 400° F). Here, it is evident that the higher
numinal-strength-level material had the lower brittle-ductile transi-
tion temperature.
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3. Effect of bheet Thickness on Transition Tempe"ature of AISI 4130
Steel
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In Figure 32, lhe crack-propagation properties of two different
thicknesses—0 040 ir. and 0.100 in. - of AIST 4130 sheet, at the 24C, 000
strength level, are compared; shear-cracked specimens were used. As
wuuid be expecied, the thinner sheet samples showed the lower transition
temperature.

D. Comparison of Crack Progagat on Data Obtained with Different Types
of Specimens

It was one of the purposes of this investigation to attempt to
establish the validity of a relatively simple, inexpensive laboratory
specimen for assessing the {racture toughness of various high-strength
ghaet materiales, Tt wac folt that the shiar-Cracked spevinen 1 ept ese aied
an extremely promising design from the standpoints of ease of production
and uniformity of notch dimensions. It wag then necessary to check its
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‘ "Jalidity by a direct comparison of data obtuincd with shear-cracked
_specimens and with other specimen designs generally accepted as

.
valid..

Some directly cemparatle dara were presented in Section IV,
C'-1 of this report for shear-cracked specimens and failigue-cracked
specimens of AM 350 sheet fractured at a fast loading ratc. This
comparison showed that very similar crack-propagation data were
obtained with these twn rypes of sp=cimens. In the remainder of this

_section, additional data, obtained with fatigune-cracked specimens of

a number of sheert materials, will be compared with data obtained
with shear-cracked specimens of the same materials. The shear-
cracked-specimen data were utilized previousg!y in the section on

""Evaluation of Crack-Prupagation Properties of Sheet Materials. "

The materials for which fatigue-cracked specimens were obtained

- ‘are as follows:

Material Sheet Thickness, In. Condition

AM 350 0.040 SCT-850

17-7 PH 0.040 TH 1050

7075 Al : 0. 064 T-6

7079 Al 0.064 T-6

2024 Al 0.064 T-86

X 2020 Al 0.064 T-6

AISI 4130 | 0.100 Oil-quenched from 1700° F, tempered

at 825°F for 1 hr

The specimens of the thinner sheet materials were fatigue-cracked at
Southern KResearch Institute. The AISI 4130 steel specimens were
cracked at the Navy Air Material Center, Philadelphia, through the
courtesy of Mr. F. S. Williams.
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Thz crack-propagation data obtained with the fatigue-eracked
_ speciniens arc shown in tables (Apnendix A} and arc presented in
N B : . graphs with the comparabic data from shear-cracked specimens.
The tables and graphs arc identifi~d in the following list:

Sheet Material Table No. »Figure Nu,
AM 350 ' 354 33
17-7PH - 37 34
7075-T6 Al ' 38 35
7079-16 Al 39 36
2024-T85 Al o 0 37 | T
£ 2020-16 Al a1 38 |
Als1 4130 (200,000 psi lavel) 42 39

The figures showing the comparative data for fatigue-cracked and
shear-cracked specimens of the above materials appear in the
following pages. :
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It is felt that the data presented in the foregoing figures show a
good degree uf correlation bctween the shear-cracked and fatigue-
cracked specimens for thesc materials.

It should be noted, at this point, that a comparison of three types
of crack-propagation specimens has been undertaken jointly by the NASA -
Lewis Research Center and the Naval Research Laboratory. The o
specimen-types are: sharp edge notched (NASA), central fatigue-cracked
(NRL), and shear-cracked (SRI). Three materials are being used, all
nominally 1/16 in. thick—an H-11 steel, Type 301 stainless steec!(70% -
cold reduced), and an all-beta titanium (B 120 VCA); two specimen widths -
were chogen—1 in. over-al!, and 3 in. over-all. Some of the data y
obtained i.: this joint effort have been reported (7, 8) for the H-11 steel
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ard the 301 stes!, The resnlts of the comparicon with the B 120 VCA
are not known. In general, this comparison tends to show that the ’
shear-cracked specinien is equivaleut in scensuivity to fatigue-cracked
specimens of H-11 steel and equivalent to or superior to edge-notched
specimens of the H-11. The shear-eracked specimen is less sensitive
than the other two types of crack-pruopagation specimens for the cold-
worked 301 stee!.

V. COXNCLUSIONS

1. Comparisons made of the crack-propagation characteristics
and biaxial strengtns of two high-strength sheet materials have indicated
that the cracked or notched sheet specimen may be useful for predicting
the biaxiai strength properties of matcrials heat treated to very high
sirength levels (probably greater than 250,000 psi). At strength levels
below about 250,000 psi, it seems probatlc that the properties obtained

ith the sheet-type crack propagation specimmens do not reflect the biaxial
strength properties of these materials.

2. Evaluations of fuur aiuminum sheet alloys for aircraft applications,
made wnder highly specialized conditions of heating and loading, have
furnished a basis for rating these materials as to their relative resistance
to crack- prnpagatinn Of the four alloys evaluated under thcese conditions,
the X 2020 76 was found to be the most "brittle," the 7079-T6 was faund
to be the least "brittle, " and the 7075-T6 and 2024-T86 were intermediate
in px‘opertxes between the other two alloys.

3. In an wivestigation of the effect of sheet thickness on the crack-
propagation characteristics of AISI 4130 steel, it was found, as expected,
that increasing the sheet thickness tended to increase the transition
temperature of the material.

4. The effects of two widely different loading rates on the crack-
propagation properties of two rather unstable precipitation-hardening
alloys— AM 350 and 17-7 PH—were investigated. It was found that a
large increase in loading rate apparently may either increase or decrease
the trausition temperature of this class of materials, depending upon the
characteristics of the individual materials,.
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5. Comparisons made with shear-cracked specimens and faiigue-‘
cracked specimens of seven sheet alloys have shuwii that generally very
similar crack-propagation proverties are obtained with these two types
of gspecimens. ’
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APPEXNDIX A
/ Data Tables Containing Standard Tensile Properties and
A Crack-Propagaiion Properiies of Sheei Specimens and
the Burst Properties of Model Pressure Vessels
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Tahle 3"1

l\ nsile Pr"pertmq of Heat- lreated‘ AMS 6434 Steel thet’at Different
* Temperatures, and at a ‘\ommal Stlam R'ue o £ 0.0001 in. /m /sec

Spemmpnq Heuted to I:.lcv'atod ‘Test Tem,meratu re Wxthm 10 Sec and Held

Temy:

-155
-140
-100 -
-100
Avg
0
75
5
Avp
150

250

- 300

350
400
450
450

600
600

for 10-Sec: B(xfnre Loadmg

Ulumate . Elong.

0. 2/0-0“581
Yid Str ‘ L Str. in 2 in,
w. KSI - D
208.0. . '260.0 8.0
231.5 2745 5.5
227.0° . 268.0 7.0
225.0 270.0 7.5
1226.0 269.0 7.3
220.0. . 261.0 7.0
203.0 245.0 6.0
208. 5 249.0 6.0
205. 4 247.0 6.0
2Q9. U 250.5 ‘ 1.0
207.0 252.5 | 6.0
214.0 266.0 6.0
213.0 272.0° - 6.0 .
208.0 255.0 7.0
179.0 228.0 6.5
180.0 228.0 7.0
179.5 228.0 8.8
166.8 1 202.0 7.5
167.0 208.5 - 7.0
166.9 205. 3 7.3

! Austenitized at 1620° ¥ for 30 min (argon) oil quenched temporod

at 400° F for 2 hr.

2 lL.ongitudinal specimens with sage qcctions 2 in

0.064 in.

thick.

lnng. 3/8 in. wide and
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" Table 4

Fracture Strength of Cracked Heat- 'I‘x'eatedl AMS 6434 Steel Sheet’

at Different Temperatures

apecimeﬁs Loaded to Failure at a Free Crosshead-'l‘rave! Rate

Temp
°F

-200
-200
Avg

-175
-150

-150
Avg

=125

-100
0

175

600

of .01 in. /min

Net Fracture
_Stress, KSI_

80.0
84.0
87.0
119.0
134.C
119.5
126.8
211.0
212.0
218.0
203.0
207.0
187.0
176.0
172.0
199.0

196.0

Fracture Appearance,
Percent Shear

5
5

10

95
100
100
100
100
100
100
100
100
100

t Austenitized at 1620° F for 30 min (argon), ail quenched; tempered
at 400" F for 2 hr,
2 Shear-cracked specimens (longitudinal); overall width 1 1/2 in, ;
thickness 0.064 in. ; crack-length to specimen-width ratic 0. 35.
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Temp.
o

-150
-100
0

75
150
250
230
Avy
330
400
400
Ave
500
500
500

600
- 800

_Tatle 5

and 0,080 in. thick.

0. 2%-0Offset Ultimate
_zld. Str. Stir.
KSI
265.0 283.0
262.0 287.0
250.0 278.0
257.5 285.0
258.0 295.0
235.5 273.0
234.0 278.0
234.3 270.5
239.0 295.0
243.0 236.0
233.6 231.0
239.0 233.5
218.5 259.0
213.0 259.5
214.0 270.0
215.2 262.8
208.0 242.0
151.0 183.0

SOUTHERN RESLARC M INBYITUT(A

Tensile Properties of Heat-Treated' 300 M Steel Sheétz at Different
Temperatures, and at a Norainal Strain Rate of 0.0001 in. /in. /sec

! Specimens Heated to Elevatec Test Temperature Within 10 Sec and Held
o for 10 Sec Before Loading

Elong.
in 2 in.

%

2.0
6.0
3.0

3.0

(2L - -
OO [}

R 3 LA e Ol
~NOoOO0OO mo;m o

L
©

5.5

1 Austenitized at 105}° F for 30 min (argon), oil-quenched; double
tempered at 600° F for 3 hr each cycle.
3 Longitudinal specimens with gage sections 2 in, long, 3/8 in. wide
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Table 6

Fracture Strength of Cracked Heat-Treated' 300 M Steel Sheet®
at Different Temperatures

Specimens Loaded to Failure at a Free Crosshead-Travet Hate
of 0.01 in. /min

Tenu; Set Fracture Fracture Appearance,
S F ‘ Stress, KSI ._Perceat Shear

200 51. 4 0
- -80 127.0 - 45
0 , ' 137,53 60
3G 142, 2 65
(I | 140.3 18
150 ' 147.3 100
250 132 100
350 ' 111, 4 100
g0 030 100
600 ' 113.5 100
800 ©o164.0 - 100

1 Austenitized ai 1800° I for 30 iniu (argun), oil quenched; double
tempered ai 600° ¥ for 3 hr each eycle.

3 Shear-cracked specimens (longitudinal); overall width 1 1/2 in, ;
thickness 0.000 in.; crack-iength to specinien-width ratio 9. 38.
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Table 7

Fracture Strength of Crackod Full-Hard' Type 301 Stainless Steel She‘eta
“at Different Temperatures B

" Specimens Loaded 1o Tailure at a Free Crosshicad-Travel Rate
of 0.01 in. /min

'l"emp ' Net Fracture - Fracture Appearance,
°F Stress, KSI Percent Shear
-200 178.0 100
-200 180.5 100
Avy. 179.3 100
0 | 175.0 100
75 174.0 100
75 1.0 . 100
Avp 172.0 100
150 170.0 100
250 161.0 100
~ 200 154.0 100
Avg 157.5
350 153.0 100
450 147.0 100
450 ' : 146.5 iC
Avg 146.8
600 E 141.0 100
600 . 141.0 100
Avg 141.0

t Fifty-percent cold-reduced,.
3 Shear-eracked specimens (longitudinal); overall width 1 1/2 in. ;
thickness () 1046 in. : erack-length tn anncimen.width ratic 0,38,
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- : Table 8 - 7
) : ‘ Fensite Propertivs of Heai-Treaied® AISE 4130 Sivel Sheei® ai
! ‘ : Different Temperatures, and at a-Nominal Strain Rate of

0.0001 in. /in. /sec

Specimens Heated to Elevated Test Temperature Within 10 Sec
and Keld [ 10 Sec Before Loading

0.5%-Offset . " Ultimate Elong.

Temp Yid. 3tr. Str. in 2 in,
oF : ‘ KSL T . %
-200 . 2155 - 268. 5 6.0
2150 . 299.5 253.0 5.5
-100 226.0 247.0 5.5
75 : . 211.0 239.5 4.5
5 210.0 242.0 5.5
: 210.5 240.8 5.0
150 206. 5 241.5 4.0
150 " 201.0 241.0 4.0
203. 8 241.3 4.0
250 ~200.6 242.0 3.¢°
) 300 ' 205. 0 247.0 8.5
350 203. 5 253.5 3.5°
350 108.0 256.0 4.0°
200.8 254.8 3.8
) 400 187.0 244 5 8.5
500 - 177.0 '218.0 6.5
600 o 158.0 186.0 6.0
800 O 122.5 131.0 5.0

- t Austenitized at 1570° F 30 min (argon} vil-quenched; tempered at
400° F for 2 hr, '
2 Longitudinal specimens with gage sections 3/8 in. wide, 2 in. long
and 0,042 in. thick, ‘
3 Specimen fractured at gage point,

SOUTHENAN SESEARCH INLTITLIE
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Fracture Strnnatn of Cra r-lcec‘ Heat- Trealed AlISI 4100 Gtec
at Niffer=nt Temperatures
Speciraens Loaded to Failure at a Free Cro sshead Trav»l
Rate of 0.01 in. /min
Temp Net Fracture Fracture Appearance,
°F , Stress  KSIT Perc>ant Shear
<225 186.5 90
-200 195.5 95
-200 197.0 95
Avg 196.3
-150 222.5 100
-100 218.0 100
0 212.5 100
75 200.0 . 100
75 202.0 100
Avz 201.0
150 183.0 100
250 174.0 100
350 152.0 100
350 155.0 . 100
Avg 153.5
450 176.0 100
600 1 192.5 100
600 189.0 100
Fvg 190.8
800 142.0 100

1 Austenitized at 1570° T for 30 min (argon); oil quenched; tempered at
400° F for 2 hr.

3 Longitudinal shear-cracked specimens; overall width 1 1/% in,; thickness
0.042 in. ; crack-iength to specimen-width ratic 0. 35.

S0 ITHERN REALARCH INBTITUTE
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‘Table 10

- "_‘:_’Tc"'-‘t;s-ilc Properties of Heat-Treated' AM 350 Stainiess Stcel Sheet®
7w av Different Temperatures ond at 2 Nominal Strain Rate of

0.0001 i fin. fsec

0. 2%-Offset ‘ Ultimate Elong,

"Te‘;mp _Yld. Str. _Str, - in 2in,
S . KSI To
-200 T 213.5 222.0  16.5
-150 ~ 200.0 . 222.0  16.5
-5 ~ 188.5 214.0 - 18.0
0 , 168.8 188.5 155
75 114.0 " 196.0 12,0
150 163.5 187.5 9.5
250 ' 156.0 183.0 . 2.0
350 | 147.8 176.5 3.0
450 . 140.8 174.5 8.0 .
600 136.0 168.2 6.5
800 12900 0 170.0 8.5

Solution- treated'at 1726° F for 30 min (argon), water-quenched;
refriperated at -105° F for 3 hr; aged at 850° F for 3 hr.

Longitudinal spe-cimens with gage sections & in. loag, 3/8 in. wide,

. AN L
cand 8,840 (n. ihieh.

BOUTHERN WESLARCH INS*ITUTE




‘ Table 11

Fraciure Streneh of Sheac-Cracaed [Teat-1T reated? A’\.‘! 350 Sheet?
at Different Tomperatures

Spm'um ns Lcaded 1o Failure at a Free Crosshead Tr avel
Rate of 0.01 in, /min

Temp - '\c‘t Fracture Fracture Appc#rancc.
°F Stre-.,.,, KSI - Percent Shear
-2i5 "~ 99.0 0
-200 105.0 0
-110 145.0 40
-100 169.0 95
- 50 199.5 100
0 199.0 100 |
15 190.0 100
 CR 187.5 100
Ave : 188.8
150 183.5 100
250 176.5 100
350 172.0 100
450 159.5 100
;) . 450 158.0 100
fi Avg 158.8
600 149.0 ' 100
800 138.0 100
800 145.0 100
Avg 141.5

1 Solution treated at 1725° F for 30 min (argon), water-quenched;
refrigerated at -105° I for 3 hr; aged at 850° F for 3 hr.

3 Shear-cracked specimens (longitudinal): over-all width 1 1/3 in.;
thickness 0.040 in. ; crack-length to specimen-width ratio 0. 35.
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 Tensile Properties of Heat-Treated! 17-7 PH Stdinless Steel Sheet®
at Different Temperatures, and at a Nominal Strain Rate of

Temp
-]

-150
-100

15
Avg
150
250
350
400
500
600
800

0.001 in. /in. /sec

Ultimate

0. 2%-Offset

Yid. Str. Str. -
195.5 © 208.0
183.5 190.5
168.5 179.5
179.0 184.5
175.0 184.2
177.0 . 184.4
177.0 184.0
181.5 189.0
164.8 172.0
165.0 172.5
158.5 167.4
152.2 150.8
132.0 139.5

Elong.
" in'2 in,

%

9.0
2.5°
8.5
8.0
8.0
8.0

8.0

5.0

4.5

4.0

3.5
3.0
4.5

. TH 1050 condition: 1400° F for 90 min; cooled to 50° F for 80 min;

held at 1050° F for 90 min.

Longitudinal specimens with gage sections 3/8 in. ‘'wide, 2 in. long.

and 0.040 :n. thick.

Specimen fractured ouvtside gage section.
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Table 13

i . ' . - TR a
Fracturs Strongth of Sheas Cracked 17 -7 PI Stainless Steei Sheet
‘ at Nitferent Tempeeatures '

Specimens Loaded to Failure at a Free Crosshead-Travel
Rate of 0.01 in. /min

Temp Net Fracture ' Fracture Appearance,
® P Stress, KSI Percent Shear
-200 ' 87.5 0
-200 . 94.8 0
Avy ' 91.2 0
-150 - 111.0 0
-100 130.5 0
-100 134.5 0
Avy 132.5
0 154.0 10
15 166.0 30
15 167.8 30
Avy 166.9
150 - 177.0 85
250 177.5 85
350 161.5 100
350 166.5 100
Avg : 167.0
400 : 170.0 100
450 163.5 100
500 155.5 100
. €00 146.3 100

SOUTHEAN RESCARCH INSTTLIE
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Trable 13 (Cv,m‘tinuod)

Fracture Sireng-h of Shear-Cracked 17-7 PH? Stairiesa Steel Sheet®

at Different Temperatures

Specimens I.aaded to Failure at a Free Crosshead-Travel

Rate of 0,01 in. /min

Temp ' Net Fracture Fracture Appearance.
*F Stress, KSI Percent Shear
800 142.0 100
800 142.0 100
Avys 142.0 :
1

held at 1050° F for 90 min.

in, ; crack-length to specimen-width ratio 0. 35.

TH 1050 vondition=1400° F for 90 min; cooled t& 50°* F for 60 min:

Shear-cracked specimens; over-all width 1 1/2 in. ; thickness 0. 040

“Uf”t'h‘- 'lvltlﬁc‘l( INGTITUTE




Tensile Properties of Heat-Treated® AISI 4130 Steel Sheet

Table 14

at Ditierent Temperatures and at a Nominal Strain Rate of

0.0001 in. /in. /sec

Temp
°F

-150
-145

-100
-100
Avp-

-50
-50
Avg

15
735
Avg

150
150
Avg

250

250
Avg

350

- 350

Avg

450
450

Avo

0. 2%-Offset Ultimate
. Yid Str. _Str.
ST s

197.5 210.0
192.5 207.0
189.8 210.0
195.0 215.0
192 { - 212. 95
187.0 209.5
197.5 204.5
192.3 207.0
184.8 203.0
186.0 -198.8
183. 4 200.9
177.3 197. 4
183.0 200.5
180.2 199.0
163.0 189.8
174.5 194.5
168.8 192. 2
168.8 194.8
167.8 190.8
167.3 192.8
164 § 190.3
161. 5 190.3
1IR3 0O

1an %

Elong.
in 2 in.

%
5.5

o
=)

® ;o

Bbhs Bk BAE DUD mEw

Loawm WOtk & LN oy

5.0
5.0
5.0
7.0
85
8.8

®OUTHENY PESL A.’CN 194TEYL T
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T:able 14 (Continued)
Tensile Properties of Heat-Treated! AISI 4130 Steel Sheet?
at Different Temperatures and at a Norainal Strain Rate cf
0.0001 in. /m jsec

0. 2%-Offset Ultimate " Elong.

Temp Yid. Str. Str - in 2 in.
¢ KSI %
600 1510 179.5 11.0
600 145.0 175.0 . 10.5

Avg ‘ 148.0 177.3 10.8

! Austenitized at 1700" F for 68 min (neutral atmosphere).'
oit-quenched; lempered at 825" F for 1 hr.

2 Standard tensile specimens with gage sections 2 in. long,
0.375 in. wide, and 0.100 in. thick.

SO TMENE RESLARGH INGTITLTE
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Table 15

Fracture Strength of Shear-Cracked Heat-Treated! AISI 4136
Steel Sheet? at Different Temperatures

Spccimens Lodded to Failure at a Free Crosshead-Travel Rate
' of 0.01 in. /min

‘Temp Net Fracture Fraclure Appearance. Ke, A Kc,
® F  Stress. KSI Percent Shear KST \Fn— KS? \lm.
-150 85. 5 0 - . 83.0
-150 86.0 0 82.5 84.0
Avg 85.8 ‘
-120 . 1450 5 - . 1505
-85 1620 40 . © . 181.0
-50 135.0 100 - -
-50 181.5 100 ' - 231.0
Avg 133.3 '
75 171.5 100 . 201.0  229.0

75 1721 100 - .
Avg 171. 8

200 163.0 100 - 218.0

200 165.5 100 - -
Avg ~ 164.3

300 150.0 100 - -

300 146.3 100 - -
Avg 148. 2

365 149.5 100 - 193.0

365 150.5 100 - 194.0
Avg 150.0

450 171.5 100 - -

450 165 9 100 - -
Avg 170 17

;OU'N(..'C .ISI‘.CH prITLIE
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Yol 13 (Continue )

Fraemire Sireneth o Fneass

“rockoa Hent- Preated! AISE 4130

Soerd Sheer® s e ot e peontre s

Specimens Load i 1o Failure at . "rer Crosshead-Travel Rate

of 6.1 i~ fin. frain

Temp Net fFractore Fracuwre Appaarance Ke

Kea

" F  Sicess, W6l Pe-cent Shear . KSI \fn.  KSI \fin.

600 176.3 100 -
600 176.5 ~ 100 T -
Avg 176. 4

! Austenitized at 1700 F tor 68.min, oil-quenched
1 hrat 825" v .

3 Lhear cracked apecimens; over-all width 2. 65 in.
0.100 in. ; initial crack length 1 .00 in. '

; tempered for

. thickness

LOUTHMENN AESEAKLN INSTIFLTE




-78-

‘Table 16 7

. P i . ; z .
raperties of Heat-Treated' ATSI 4130 Steel Sheet at

Differoent Tvm;mratux‘es, and 3t a Nominal Strain Rate ot
0. 0001 in /in. /sec

Temp
9 v~

i

-140
-50
8¢
250
350
450

0. 27 Offset Ultimate Elong.

Yid. Str. Str. in 2 in.
| DY %
219.0 2410 7.0
219.0 257.0 . 5.5
206.0 238.5 6.0

2290 262.0 1.5
212 5 246 0 7.0
183.0 229.5 6.5

! Austenitized at 1700° F for 1 hr {argon), eil-quenched;
temspered at 400° F for 1 hae

2 Longitudinal specimens with gage sections 2 in. long. 3/8
in. wide and 0. 100 in. thick. '

SCITHE N MESCANUM INSTITUTE
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Fracture Strencth of Sin‘“u-—(I:-nz'kc:u' AIST 4130 steel Shcvt’ |
' at Different Tompoeratures .
Specuncens Luonded to Fatlure at @ Free
Crogsshean- fravei Rate of 0.01 in. /min
Fracturce Tdughn‘esé; .H
s Temp Not Fracture  FPracture Appearance, : Kea, ' ;
1 | JF 0 Bleess, WS Pereenst Shear Kst Y in.
-17% - 95.3 10. 98.5
1 -150 130.5 50 148.0
“ -150 126.0 : 40 , 140.0
Avg 128 3 144.0
-100 - 1%4.0 55 255.0
) -50 186 5 100 267.0 ’
0 198.5 100 271.0
o0 1915 166 257.0
“t ‘ 80 187.0 100 252 0
N Avg 189.3 254.5
250 176.5 100 224.0
350 157.5 100 199.5
; ' 35 145.8 100 184 5
, Avy 151.1 191. 6
' 450 176.5 100 244.0
Longitudinal shear crackesd specimens, 2,69 in. over-all width,
0.100 in. thick, erack-length to specimen-width ratio 0. 38. .
2 Angtenitized at 170C° F for 1 hr, oil-quenched; tempered at 400°
for 1 el '
SOUTHERK NESIAREM INSTITLIR
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Tabue T

“Teraile Pronertinz of [eat-Trealed! VSi 4340 Steet Sheet? at
Different Temperatures and at a Nominal Strain Rate of
g 0001 in. /in. /secc .

0. 29.- Offset Ultimate " Elong.

Temp . Yld, Str. Str. in 2 in,
_°F KSi ’ P
-140 2450 282.0 6.5
-140 240 5 277.5 7.0
Ave 242.8 279.8 6.8
-50 , 238.0 277.0 6.5
-50 240.5 282.5 6.5
Avg 239.3 . 279.8 6.5
80 230.0 1279.5 6.0
80 230 5 278.5 6.0

Avg 230.3 279 0 6.0
250 204.0 266.5 4.5
250 ; 200.0 269.0 4.0
Avg 202.0 267. 8 4.3

T 350 214.0 272.0 5.5 ’

350 215.0 273.0 5.5
Avg . 214.5 272.5 5.5
450 ' 188.2 249.5 9.0
450 188.2 241.5 8.0
Avg 188. 2 245.5 8.5

! Austenitized at 1600° F for 30 min (argon), oil-quenched;
doubie tempercd at 400° F for 2 hr cach cycle.

2 Longitudinal specimens with gage sections 2 in. long, 3/8
in. wide, and 0.064 in. thick. . :

SOUTHERN RESEARCH INSTITUTE
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Lul) [ I“ N

CFracture Strength of Sacor -Cr: xckoa AIST 4340 Stee Sneetz
gt Drtf( ret T'mnpcx..mrc oL R

i'" FE SR T CE S AT PATEPY BN .i!nr(i at a l"l'(!O"

-

Crosshead-Tr ivel l’ e ~f 8061 . fosin

Fractire 'onghness,

Temp Net Fracture  Froemoree Appeararce, : Kess
"F Siress, KSL I'eicent Shear K1y n.
-200 82.1 ‘ 0 . 5T.0
-200 6. 4 ' 0 _
Avg 79 2
-100 109, 0 30 '32.5
-50 1150.0 70 ©120.0
-50 135 5 50 - -
Avg 142.8
0 174.7 ' 95 160.0
80 1830 100 . 175 o
80 187.3 100 ' -
Avg 185.2
250 175.0 - 100 162.0
250 172.5 100 R
Avg 173.8
350 142.0 100 135.0
350 149.5 100 , -
Avg 145.8 :
500 194. 5 100 192.0 | -
500 186.0 100 -
Avg 190.3 '

! Specimens shear-cracked by usual ethod; .5 in. over-all width,
0,084 {5, thick, crach-leuglh tu specunen-widih vaiio G. 38.

2 Heat-treated as follows: austenitized at 1600° F for 30 min (argon)
oil quenched; double tempered at 400° F for 2 hr each cycle.

SQUTHERN RESEARCH INSTITUTE
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Fracture $irength «f Shear-Crie korii AISI 4340 Stecl Shect
: ai Pillere ni '! me ratus es. o
Specircens Loaded ,tq jf‘ailurc- _at' a"gfée
Crosshead-"Travel Rate 'of 0.01 in_'.' 7i11iin '
LT "racture Touglmess
Temp  Net Fracture  Fracture Appearance, -0 1\03,
° L Stress, RSl Percent Shear . . KSD\in,
-200 6.3 . 0 . . T 415
100 1065 100 . . . 16.8
$-50 1235 45 .o . 96.0
0 138.6 .95 121.0
80 152.5 100 1410
! 250 ' 150.0 100 -~ - ~138.0
380 118 @ o 107.5
¥
! |

! Specimens shear-cracked and then rolled flat to eliminate
protrusions; 1.9 in. over-all width, 0,064 in. thick, crack-.
length to specimen-width ratio 0.38. .

2 Heat treated as follows: austenitized at 1600° F for 30 min (argon)
oil-quenched; duuble tempered at 400° F for 2 hr each cycle.

SOUTHERN RESI:ARCN |N57ITL 1€
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8
S | : S ' CoTabie 200
Tenstile Propertios of »“z{_f-édl Inceorel _.‘wFIVS}u‘(‘lJ‘;Jt‘
: R B Dfioront Forapu vianm 5 ol gt g Normiaal Steain Rate of
e S - . - 0ua0E e Jin feee
Speciirens Hented to L"Er-\';z’,(, o Test Temperaturn Within
10 Sce and lield 10 Sec Before Loading
0.2:.-Offcer . Uldmate | Elong.
Temp _Yd, Sl ___Str, in 2 in,
° F_ - — KSi %
-10v 116 5 165.0 23.0°
i 0 . 106. 5 157.3 27.0.
‘; | -
g 75 116.0 153.0° 22.0"
: ' - 75 118.0 157.0 26.0
Avg , 117.0 155.0 -
150 - 114.0 148.0 25.5
250 ' 109.0 150.8 24.0
350 106 § 1248.0 26. 5
400 107.5 ' 148.0 26.0
500 105.8 145.5 26.0
600 1045 1442 26.9
800 105.8 141.0 26.0
1000 105.8 137.5 25.0

! Aged at 1300°F for 20 hr. ‘
Longitudinal specimens with gage sections 3/8 in. wide, 2 in.

2
long and 0. 064 in. thick.
? Specimen fractured outside gage section

vSOUYHERN RESEARCH INSTITUTE




Table 21

Fracure Steengh of sheareCracked neonel X! Sheet?

ar Differer Tewapwraiures

Temp
‘g

-200
-200
A vy

-150

-100

-100

Avg
0

75
75
Avg

150
250
350
350
AvI
400
500

600
600

Ava
o

sSnecimens Loaded to Failure at a Free
Crosshesd-Travel Rate of 0.01 in. /min

Net IFractare

Stress, KS

139. ¢

140
1d¢

137
137
136
136.
134.
131

152
131.
130

127.
126.
126.
126.

126.

D <

A,

o <

< O O

(=)

o OO O wn

N

. Fracture Appearance,

Percent Shear

100
100
100
100
190
100

100
100

100

100

100
100

100

100

100
100

SOUTHERN RESEARCH INSTITUTE




Toble 2 Conrinued) L

Fracture screngta of Saear-Cracked Inconel SN Saeet”
ar Different ‘Femperatures L
sprcinens Foaded ‘o Faiiure at a Free
Craocgacnd Tiervel Rooe of G001 in. fmin
fI"‘-:z;;;' aoet Fracuare Fracture Appearance,
:’ ¥ Steess, KSE ' Percent Shear
800 121.0 100
' 1000 114. 0 100
’ 1000 115.0 : 100
Avp 11..5
' Aged at 13007 F tfor 20 hr. . : :
2 Longitudinal shear-crached specimens: over-all width 1 1/2
in.; thickness 0 064 in. ; crack-length to specimen-width
ratio 0. 35, : : 1
]
¥

SCUTHERN RESEARCH INSTITUTE
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Tuble 22

Fracture Strength of Shear-Cracked® Heat Treated® AISI 4340 Steel
Sheet at Different Temperatures

Specimens Loaded to Failure at a Free
 Crosshead-Travel Rate of 0.01 in. /min

Fracture Toughness,

Temp Ne: Fracture J'racture Appearance, Kess

¢ R Stress, KSI  Percent Shear KSI In.

-100 129 0 40 108.0

-50 158.5 7c 159 0

-20 168.0 85 o 183.0
0 1710 95 205.0 s
5 181.0 95 | 198.0

Austenitized at 1600° F for 40 min, oil-aquenched; temperad at
425° ¥ tor 2 hr. .

3 Shear-cracked specimens were 1.87 in. wide, 0.120 in. thick;
nominal crack length 0. 63 in.

SOUTHERN RESEARCH INSTITUTE
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Strain Rate of‘O.l in /in [sec

Spccimoeny Heated to test Tamperature Within 5 Sece

e - . Tensiie Properties of 7075-T6 Alurainum Ailoy Sheet’ at
L , Different Temperatures, Holding Times, and at a Nominal
\ Time ai 0.2%-0Offset Ultiméte Elong.
"Temp Temp © Yld Str. Str. in 2 in.

‘K Ser KSI . %

75 - 71.2 30.5 10.0

75 - - 71.0 79.8 10.5

Avp 1.1 80.2 10.3

200 0o 69.0 76. 2 100

200 o . 68 3 75.7 8.0

Avg : 68.7T 76.0 9.0

200 1800 . 66.8 76.3 9.0

200 1800 69.1 77.4 9.0

Avg £8 0 76.9 dg.o

300 0 60 5 4.5 7.0

l 300 ' 0 ' 61.1 65.8 7.5

Avg G0 8 65.2 7.3

300 1800 62.0 68 2 ‘7.5

300 1800 67.9 69.1 8.5

Avg 65.0 68.7 8.0

400 0 50.9 52.1 5.5

400 0 51.6 53.8 5.5

Avg 51.3 53.0 5.5

400 1800 45. 2 47.5 6.0

400 1800 44 4 47.0 6.0

Avg 44.8 47.3 6.0

! Longitudinal specimens; gage scction 2 in. long, 3/8 in. wide and
0.063 in. thick. . : .

L MOUTFRN RESEARC KM INSTITLTE
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o2
t s

Froctire Strength - f She - Cracked 7075 T8 Alneintm Alloy

fferent Tenpe sawres and-Holding Times

apecirmons Heated fo Pemperature Within § See
Specinens Lowded o Fatlure in 0.1 See

Tivne at

Terny.

Sec

Ne® Froctare

Storess, K5I

Fracture Toughniss, Kea,
K1Y lin.

5
75
Avyr

200
200
Avg

200
200
Avg

30
300
Avg

2 ——

300
300

Avp

e

400
400
Avg

400
400
Avg

\

1800
1800

1800
1800

63
70.
69.

£s.
1.
68.

74.
72.
73.

‘g1

66.
63.
56.
54,
55.

&

52.
51.

1

(3100 .~ Ry b ] DO to -~ N

G 0 W

Ny OO CC o

© 10

73.0

Longitudinal spiecimens; 1 6 in. over-all width, 0.063 in. thick,

erack-leigth to specimen-width ratio 0. 38.

'sOUTHElN RESEARCGH (NRITIYUTE
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Table 25 .
Tensile Propertics of 1079-T8 Aluminum Aiivy Sheet! at -
Different Temperatures, Holding Times, and at a Nominal

Strain Rate of 0.1 in. /in. [fsec

Specimens Heated to Test Temperature Within 5 Sec

- Time at 0. 2%-Offset Uitimate Elong.
Temp Temp Yid Str. - Str. . in2in.
. °F o Seco WSI ) %
75 - . 54.5 64. 4 . 9.0
75 ' - 56.0 65.1 7.0
Avg 55.3 64.8 8.0
200 0 63.3 69.7 8.0
200 0 62.9 70.7 10.5
Avg ' 63.1 70.2 9.3
200 1800 58.¢ 66. 6 9.0
200 1800 ' 63.3 70.2 9.5 -
Avg 61.1 68. 4 9.3
o 300 0 58 6 63.3 6.5
b 300 0 . 60.5 65.6 6.5
Avy 59.6 - 64.5 6.5
300 1800 - 55.2 64.5 11.0
300 1800 56.4 64 4 11.0
Avg 55.8 64.5 11.0
400 0 44.6 48.0 © 6.0
400 0. 44.8 47.7 8.5
Avg - ' 44.7 47.9 7.3
400 1800 39.1 . 41.5 7.0 ,
400 1800 36.2 . 39.6 7.0 ‘
Avg . 37.9 40.6 7.0 ﬁ ‘
! Longitudinal specimens: gage section 2 in. long, 3/8 in. wide and
0.063-in. thick
TEOUTHERN NESEARCH INSTITUTE
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‘Table 20

Fracture Strength of Shear-Cracked T079-T6 Aluminum Alloy

Sheet! at Diffurent Temperatures and Holding Times

3pecimens Meated o Temperature Within § See

Specimens Loaded to Failure in 0.1 Sec

Time at .
Temp Temp Net Fracture Fracture Toughness, Kess
°F Sec Stress, KSI KSI\| in.
75 - - -67.9 70.1
75 - 65.2 -
Avp 66.6 -
200 0 ‘55. 4 60. 2
200 0 59.8 -
Avg 59.6 -
200 . 1800 578 -
200 1800 60.6 -
Avg 59.2 -
300 0 60. 2 60.5
300 0 57.8 -
Avg 9.0 -
300 1800 61.0 -
300 1800 60.6 -
Avg 60.8 -
" 400 0 53. 6 56.0
400 0 52.9 -
Avg 53.3 -~
400 1800 52.8 -
400 1800 52.9 -
Avg 52.9 -
1 ) T -

Longitudinal specimens; 1.5 in. over-a'l widtk, 0. 063 i, thick,

vruck length to specimen-width ratio 0.38.
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Table 27

Tensile Pronerties of 2024-T86 Aluminum Ally Skeet! at
NDifferent Temperatures, jioiding ‘I'imes, and at a Nominal
Strain Rats of 0.1 in. fin. fsec

Specimens Heated to Test Temperature Within 5‘Scc: ;
i
Time ut 0. 2%~ Offset - Ultimate Elong.
Temp Temp Yid. Str. Str. in 2 in.
T Se . A 7,

75 - €9.5 71.4 5.0
75 - 68. 2 75.5 5.0
Avy ‘ 68 9 3.5 5.0
O 200 0 67.4 69.1 4.5
200 0 71.0 72.6 5.0
Avg 69. 2 70.9 4.8
200 1800 65.6 67.2 5.0
200 1809 69.5 70.1 5.0
Avy 7.6 68.7 5.0
300 0 64.0 65.3 4.0
300 0 65.0 66.1 4.0
Avg 64.5 '65. 7 4.0
300 1800 . 66.1 68. 1 5.0
300 1800 65.0 66. 6 5.0
Avg 65.6 67.4 5.0
400 0 59,3 59.9 4.5
400 0 57.1 58.5 4.5
Avy 58.2 59.2 4.5
400 1800 2.4 53.4 5.5
400 1830 55.50 56.7 . 5.6
Avg 54.0 55.1 5.5

! Longitudinal specimens; gage section 2 in long, 3/8 in. wide,
0.063 in. thick.
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Practure Sirength of Shear- Cracked 2024-T86 Ataminum Allay
Shet! ai Difforent Temperatures and Holdime Times
Specimens Heated to Temperature Within 5 Sec
Specimens Leaded to Failure in 0.1 Sec
i ot ) .
Temp Temp Net Fractare Fracture Toughness., K. -
o __Ser Stress, KSI KSi\in.
75 - T 3.5 80.0 -
75 - 71.1 -
Avg ' 72.3 -
200 0 68.0 T2.2
200 C €6.8 -
Avg 67.4 -
200 1800 63 5 -
200 1800 66. 4 -
Avg 65 0 -
300 0 60 2 €2.8
300 0 64.0 -
Avy 62.1 -
300 1800 63.8 -
300 1800 59.0 -
Avg 61.4 -
400 0 58.1 61.0
400 0 0 55.8 -
Avg 57.0 -
400 1800 58.3 -
400 1800 56.95 -
Avg 57.4 -
! Longivedinnl epociinons; 1.5 in. over all widih, ©.082 ln. fiich,

38.

crack-lergth to specirnen-width ratio 0.
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Taple 29
Tersile Preperties of X2020-T6 Aluminui: Alioy Sheet® at
Different Temperatares, Holding Times, and at 2 Nominal

Strain Rate of 0.1 in. /in. /sec

Specimens Heated to Test ’!‘efnper_aturn Within 5 Sec

Time at 0. 27.-Offset . Ultimate Elong.
Temp Temp vid str. Str. in 2 in.
° . See ‘ , KSI o,
75 - . 89.5 71.2 4.5
75 - 70.0 .2 4.5
Avg 69.8 71.2 4.5
200 ¢ 68. 1 72.6 5.5
200 0 © 68.9 72.3 5.5
Avg 68.5 72.5 5.5 ‘
P 1800 04.1 67.4 5.0
200 1800 63.3 65.7 4.5
Avg : ‘ 63.17 66.6 4. 8
300 0 62.9 AT & 5.5
300 0 64.8 63.7 6.5
Ave 63 9 68.2 6.0
300 1800 "~ 57.8 " 61.6 8.5 .
- 300 1800 ' 58 .2 - 63.4 55
Avg ’ 58.0 62.5 5.5
400 0 54.0 55.0 4.0
400 : 0 55.5 56.5 4.0
Avg 54.8 55.8 4.0
400 1800 50.0 51.8 5.0
400 - 1800 52.1 54.3 4.0
Avg . 51.1 53.1 4.5

! .

‘ e owe mem ot o s s o ~ P
ongitudine! cpocimens; gaga scdiivn 2 in. joug, 3/8 in. wige,

1
" 0.063 in. thick
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.’E.,. - o o ~ Table 30

fr 1cun‘~. buvng'n ot Shcar-Cracked X2020-T6 Aluminum Alloy
Sheet' at Different Temperatures and Holdmg Times

Specimens Heated te Temperature Wi:hin 5 Sec
Specimens Loaded to Failure in 0.1 Sec

Time at

ot e Sy - -

“Temp Temp Net Fracture Fracture Toughness Kej,
°F ‘l \ Sec Siress, KSi KSI\in
75 - 58.3 57.0
. 75 - 55.5 -
o Avg 56.9 -
200 0 54. 4 52.1
N 200 0 - 600 -
' Avg - : 57.0 -
200 1800 55.0 -
200 1800 55.8 -
Avg 55 4 -
300 0 58. 6 56. 6
300 0 55.0 -
' Avg . 55. 8 -
’ 300 1800 58.4 - -
300 1800 53.0 -
Avg 55.7 -
400 0 48.0 46.0
400 0 48.2 -
Avg 48.1 -
400 1800 51.8 -
400 1800 54.0 -
Avg 52.9 -

! Lwungitudinai specimens; L. 9 in. over-all width, 0.063 in. thick,
crack-length to specimen-width ratio 0. 38. .
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Table 31 -

Burst! Propertics of AIS[ 41301 Model Vessels? Fractured E
at Different lemperatures - Lo

Temp Burst Hoop '~ Fracture Appearance,
*F Pressure, psi Stress, KSI ) Percent Shear
-160 9650 235.0 - 75
-105 9700 236.0 90
-105 9400 228.0 90
-105 9300 226.0 9
CAvg 222.0
5 9100 2215 10¢
6 9100 221.5 100
5 9600 : 234 0 100
75 9100 _ 0 222.0° 100
15 8850 - 215.0 100
Avg ‘ _ 223.17
200 8950 218.0 . 100
200 8800 214.0 100
200 8600 209.0 100
Avg 2i3.0
365 8500 ©207.0 100
365 8000 195.0 100
365 9000 219.0 100
Avg 207.0

Heat treated as follows: austcnitized at 1700° F (reutral atmos-
phere) for 68 min total time, oil-quenched; tempered at 825° F
for 1 hr.

2 Vessels were seamless, 205 cu in. bottles; nominal wall thick-
ness 0.105 in.
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Tahle 32

. . . 1., s <7 .3 o
Purst Uropeities of AT67 41307 Model Vesseis™ Fraciured

av Ditferent Tempeoratures
Termp Burst Doop Fracture Appearance,
S Pressure, psi Stress. KSI - Percent Shear
105 . 12,100 294.0 78 . ' T
.-105 12,900 315.0 70
-105 12,900 315.0 75
Avg 308.0
80 12,200 296. 0 55
80 - 12,500 304.0 95
80 12,300 296.0 25
Avg . 2991 :
I
! Heat treated as follows: austenitized at 1700° F (neutrai atmos-
phicre) for 88 min totat time, oii-quenched; tempered at 400° F
for § hr. T
4 2 Vessels were scamless, 209 cu. in. bottles; nominal wall
thickness 0. 105 iu.
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Table 33

Burst Properties of AISI 4340' Model Vessels® Fraciured -
at Different Temperatures

Vesscl Tomp Burszst Toop Fracture Appearance,

No. _ F_ Pressure, psi S.ess, KSI Percent Shear

A-6 -105 15, 300 292.5 95

B-14 -105 14.500 269.0 60

A-3 -105 15, 800 308.5 95

A-10 -105 . 15.300 205 5 95 -

B-4 -105 14, 600 251.5 80

A-4 -105 16,000 . 294.4 95

B-12 -105 14, 500 280.0 95

A-T -20 : 15, 800 299.0 95

A-2  -20 15,900 301.0 90 \

A-8 -20 15,000 280.0 90 |

B-8 20 15,800 287.0 - 95

n-3 -20 15, 600 294.5 95

B-9 -20 15, 300 289.5 90

B-16 43 13,700 253.8 95 /

A-9 75 14,700 273.5 90

A-1 15 15, 400 289.0 85 /
3 B-7 5 14,400 272.0 95

A-5 75 15,000 275.0 100

B-1 75 . 14, 6CO 276. 5 90

' Oil quenched from 1600° F; tempered-at 425° F.

2 Vessels were seamless, 3.52 in. in diametcr, cylindrical section
9.5 in long; wall thickness nominally 0. 095 in. (varying from
about 0.088 in. to 0.102 in.). :
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Table 34

Fracture Strength of Shear Cracked AM 350! Stainless Steel Sheet®
at Different Temperatures

Specimens Loaded to Faiiure at a Rupid Rate to Produce
. Fracture in 0.1 Sec

Temp Nét Fracture Fracture Appearance,
s ) Stress, KSI Percent Shear
-225 - 122.0 40
-225 84.3 40
Avg 103 2
-200 - 220.5 90
- 200 - 216.0 90
Avyg 218.3 ,
-100 211.5 100
-100 218.5 100
Avp 215.0
0 214.5 100
0 213.0 100
Avy 213.8 '
15 213.0 100
75 211.5 100
Avy . 212.3
200 195.5 100
200 ' 197.0 100
Avg 196.8
400 181.5 100
400 184.0 - 100
Avg 182.8

Solution ireatlea at 1965 17 1or 36 min {aigon), waiwr-quenched;
refrigerated at -105° b for 3 hr; aged at 850° F for 3 hr.
Shear-cracked specimens (longitudinal); over-al! width 1 1/2 in.;
thickness 0.040 in. ; crack-length to specimen-width ratio 0. 35.
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fabje 35

Fiacture Strength of Fatigue-Cracked AM 350" Stainless Stecl Sheet?
at Difforent Temperatures Lo

' Specimens Loaded to Failure at a Rapid Rate to Produce
Fracture i 0.1 Sec

Temp Net Fractlurce Fracture Appearance, --
*F _Stress, KSI[ : Percent Shear
-225 ~155.0 50
-225 96.8 45
Avg 125.9 :
-200 ' 202.5 95
- 200 « 192.0 - 90
Avg ©197.3
-100 201.5 100
.0 202.0 100
0 205.0 100
. Avyg 203.5
75 205.5 100
75 198 5 : 100
Avg . 202.0
200 ' 197.0 ‘ 100
© 200 198.0 100
Avy ' 197.5
400 182.0 ' 100
400 182.0 100
Avg 182.0

1 Soiution treated at 1725° F for 30 min (argon), water-quenched;
refrigerated at' -105° F for 3 h; aged at 850° F for 3 hr.

2 Fatigue-cracked specimens (longitudinal); over-all width 1 1/2 in. :
thickness 0.040 in. ; crack-length to specimen-width ratio 0. 35.
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Table 35A
: P opop @ 2
Vracture Strength of Fatigue-Cracked Heat-Treated AM 350 Sheet
at Different Temperatures ’
Specimens Loaded to Failure at a Free Crosshead-Travel
Rate of 0.01 in. /min '

Temp Net Fracture Fracture Appearance,

" - Stress, KSI . ‘Percent Shear
-200 93.& 10
-200 158.5 10
-200 - 69.0 0
Avg 107.0
-175 v '145.0 . 30
0 197.0 100
0 201.0 100
75 . 188.0 100
15 179.0 100
Avi 183.5 -
250 188.0 100
150 169.0 100

! Solution treated at 1725° F for 30 min (argon), water-quenched;
refrigerated at -105° F for 3 hr; aged at 850" F for 3 hr.,

2 Fatigue-cracked specimens (longitudinal); over-all width 1 1/2 in. ;
thickness 0.040 in. ; crack-length to specimen-width ratio 0. 35,
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ab‘e 36

ancture wrﬂng h of. F‘ungue-Crdcked 17 T PH S'amless Steel
R S‘.cua, at "_‘nﬁ’cvrc-nt Temperamros

S; mmmcns Loadgd to r‘mlure at a Rapid P.are to Produce
’ oo I-racturc in.0.1 Sec

Tem.p - "Nét I‘ raot-xre . Fracture Appcarance, ;
S .* Stress, KSI- _ Perceunt Shear ;
T : . T !
-425 . ) 85.3 - 0 1
-225 S § U T » 0 S a
200 . .153.8 0
-200 1575 0
Avg . 158.2
-100 S 165,17 . 5
-100 C o 166.4 5
Avg . 166.1
0 S 161.8 10
0 .- 163.3 10
Avg v y i62.5
5 164. 2 | 30 .
75 161.5 30 -
Avg " 162.9
200 7 158.0 60
200 - 151.0 - 60
Avg . 154.5 .
400 . 1455 100
400 g 151 0 100
Avg 148.3

t TH 1050 condmon-—-1400° " for 90 min; cooled to 50" F fur 60 min;
hold ¢ 1080° T fre OO min _

~ 3 Longitudinal fatigue crat l«- 4] specimens over-all width 1 1/2 in.;
thiciiness 0.040 in. ; crack-length to specimen-width ratin 0, 35,
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Table 87

Frac:ure Strength of Fatigne-Cracked 17-7 PH! Siainless Steel
Stec:? at Different Temperntures

Specimens Loaded tu Failure at a Free Crosshead-Travel
Rate of 0.01 in. /min:

Ty Net Deacture Fracture Apparaindy,
% . . - [~
! Strussy, K8 Percent Shear

-225 134.0 0
-200 128.0 0
-200 1456.0 0
Avg 137.0
-100 169.0 0
-109 151.0 0
Aveg 160.0
0 158.0 5
0 159.2 10
Avy 158.5 -
75 161.0 40
75 164. 5 40
Avg 162. 8
200 158.5 80
200 157.0 80
CAvp 157.8
300 154.5 100
300 160.0 100
Avy 157.3
40C 155.0 100
400 154.0 100
Avy 154.6
600 141.0 100

1 T H I0AD conditian—1400° 1 for 00 min; caaled to 80° F for 60 min;

~ heid at 10507 F for 90 nin.

2 Iengitudinal fatigue-cracked specimens; over-all width 1 1/2 in. ;
tiuckness 0.040 in. ; crack-length to specimen-width ratio 0, 35,
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fao 38

o e ‘ WMigemre Strength of Fatigue-Cracked 7075-T6 Aluminum Alloy

Sheet! at [Different Teraperatures

; : ‘ :
i Specimens He'd ot Tenpe rature for 1800 See Before Loading
X Speciinens Loaded to Failure in @ 1 Sec
L8 . .
' .
N Temp Net Fracture
A Stress, KSI

in o 64.7
i 61

- D

Ave 64 .

—

206 70. | R
200 70.0 oo i I
Avao 70 ’

b

<00 0.
300 ' 63
Avy 61

-3 o O

(=]

400 43.
ano 0.2
vV . 49,4

Loungitudinal speenrens; 1.9 iu. wver-all width; 0. 063 in. thick,
. ecrack-lep;th to specimen-width ratio 0.35 to 0. 40.

B
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Table 39

Fracture Strongth of Fatigue-Cracked 7079-T6 Aluminum Alloy
Sireet? at Different Temperatures : '

Specimens Heid at Temperature for 1800 See Beforc Loading
Specimens Loaded to Failure in 0 1 Seo

Temp
] ]-'-‘

. Net Fracture
Stress, KSI

64

61.
G3.

. 85
63.
G4.

64

°9.
61.

50.
49,
- 49.

Wwno D

L= N

LMo

! Longitudinal specimens; 1.5 in. over-ali v'vidth._0.063 in. thick,
crack-léngth to specimen-width catio 0. 35 to 0. 40.
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Tahle 40

Fracture Strength of Fatigue -Cracked 2024-T86 Alnminum Alloy -
Sheet!at Different Temperatures

Specimens Held at Temperature for 1800 Sce Before Loading
Specimens Loaded to ¥Failure inG.1 Sec

Temp Net Fracture
RO " Stress, KSI
(b) 68.3
) €9.1

Avg 68. 4
200 65.9
200 ' 58.6

Avg © 62.3 -

300 64.0
300 61.6

Avg : 2.8 .
400 " 60.0
400 56.3

Avr 58.2

! Longitudinal specimens, 1.5 in. over-all width, 0.063 in. thick,
crack-length to specimen-width ratio 0. 35 toa 0. 40.
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Fractire Strengih of Fatigue- Cracked X2020-T6 Aluminum Alloy

CSheet! W Different Temperastures

Specimensijeld ot cmperature for 1800 See Before Loading
Specimens Loaded to Failire in 0. § Sec

Te:up | . Net Practure
. Stress. KSL
75 33.6
75 58.0
Avy 55.8
200 53. 8
200 55 1
Avp 54 .5
300 -
300 61.5
Avg 61 5
° 400 58.0
. 400 59.8
Avyer 58.9

! Longitudinal specimens:; 1.3 in over-ail width, 0.063 in. thick,
erack-length to specimen-width ratio 0. 35 to 0. 40
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‘Tabir 42

. N ) ’ . - 2
Fracture Strength of Fatigue-Cracked®. AIST 4130 Stea! Sheet
at Different Temperatures

Specimens Toaded to Failure at a Free
Crogshead-Travel Rate of G. 01 in. fmin

Torp Net Fractuse Fractare .r\ppc.télrdﬁcﬁ
e . _Stress, KSI- , Pevcent Shear
-155 83 6 , a
-100 155.0 35
-50 183,56 ' 90
0 170 G 100
0 174. 8 100
Aveg 172.1
80 160. 3 10C
80 172.5 100
Avg 166.5
250 156. 5 110
250 149 & 100
Avy 162.7
350 146.5 100
450 157.5 | 109

Longitudinal specimens with shear-cracks initlally O 6 in.
‘long, exterdied by axial fatigue loading. Over-all specimen
air*h 2. 65 in., over all crack lenghs from 0. 80 in. to
1.00 in.

2 Austenitized at 1700° F for 68 min, oil-quenched; tempered
#1 825° F for 1 hr, (nominal tensile strength, 200, (G0 psi).
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AA P r‘;nlu ?»: .
Chenmical Analvses, De ,:th of Decacr hum/m'nn vIeasurenn.nts
" and Inciusion Counts on Snmnlee frum Al<v mi40 Steel Vesscls

it is not wit hm +hp s sane of thxs program ‘to present an exhaustlvp ‘

invcstigation of the microstructure of the-AISI 4340 steel pressure
vesseis uszd in the correlative studies. However, it is quite likely -
that the burst properties of these vessels were to some extent affected
by surface decarburization known.io be present in the sheet stock from
which the vessels were formed. Thcrefore ‘depth of decarburization
MPASIHTE e tS were made on & bampxe ’n'om €ach vessei. ‘Ana to give
some added inzight into the burst behavior of these vessels, it was »
thuught desirable o have chemical analyses made on a few vessel
samples for phosphorus, sulfur, nitrogen. oxygen, and hydrogen so
tiat the range of content of L}use elements in the vacuum-remelted
stock could be established.. Thc results of the chemical analyses on
four vessels, and depth of decarburu.atwn measurements and inclusion
counts, made un samples taken near the fracture initiation sites in ail
of the vessels. are presented in tabular form in this Appendix. The
burst properties of the vessels arc also given again in these tables so
that a direct comparison with decarburization depth can be made.
Sampies for the decarburization examinations, cut from the fracture
initiation arca, were about 3/4 ir. .square und were mounted and
polished for microhardness measurements. A microhardness traverse
was made across the thickness of cach sample about 1/2 in. from the
fracture surface. Samples for chemical analyses were taken at a
location adjacent to the metallographic samples.

Chemical Analyses or Vessels

N O E

Vessel %P %S ppm

A5 <001 0.007 106 < 40 3.7
A6 <0.01 0007 116 35 2.2
B-14 '<0.01 0.007 123 25 3.3
B-16  <0.01  0.006 __»»"1‘29 65 © 2.3

SOUTHERAN RESEARCH INSTITUTE
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Decarburization Depth and [nelusion Counts
on Samples Taken Near Fracture-Initialion Sites

Decarburization Depth,
in. {Microhardness
Traverces) ASTM Fracmre

i
’ : Inncr Wali Outer Wall Inclusion Appearance, Hoop Stress Faluation

Vessel _Surface Surface flating? % Shear at Burst, psi Temperatnre, °F

0.0032 0.0010 D-1-T 95 292, 500 T, -105
0.0140 0. 0040 D-1-H 60 269, 000 -105
0.0150 0.0152 D-1-H 85 308, 500 © 105
©.0.0140 0.0032 D-31-H 95 295, 500 -105
0.0100 0.0030 D-2-1 80 251, 500 - ~105
0.0220 0. 0040 D-1-T 95 294,000 - -105
0.90020 0.0010 D-1-H 95 280,000 -105

| D A ]
[~ )
e

(=]

m:»m:'»:a:n;-

~N

]
[k -

*0.0300 0 0132 D-1-H 95 299,000 -20
0.013% 0. 0040 D-1-H 90 301.000 -20
0.0130 0.0048 D-2-1 90 . 280, 000 -20

. 024 0 0040 D-1-H 95 287,000 -20

.0132 0.0070 D-2-1 95 © 294,000 -20
0020 0.0040 o-1-H g0 289,000 -20

t
=R N - -3 L |

-3-4 95 253,800 75
- 90 273, 500 75

. 0040 0.0030
. 0040 0.0196
. 0024 0.0032

> mg:a:>.>>
g

i 95 289,000 5

1
(-
(=] SOQ QOO

. 0024 0. 0040

o
1
~3

-H - 100 278,000 5

0. 0224 0.0088
-H 90 276,000 - 5

1
1
1
1
-2-n 95 272,000 : 75
2
0.0100 0. 0050 1

% >
R
-0

4
ASTM Desiviation: E 45-51; method "A", worst field.
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AN , ' It seems probable from the foregoing data thu- 7
| - . ciation can be made between depth of decarhiv:zati”, 1 1. ¢ !
of the vessels. However, it can be povinted wu* tha! ‘n t .. - .. ¢
the lowest burst strengths (B-14, B-4, and B-16}, " - ..
burization was slight to moderate, not exceedi~r 0. 90140 ‘
and in all three vessels the depth of decarbu. iz itica. oF ¥

~ Ao
not exceed 0.0040 in. ot
] e
RERESEN .. Tie intawaating toonots thot, In the samp.os Tun e .
analyses were made, the {nclusion counts are c) : st -+l L,
contents. For example, vessel B-16, which l:iad 21" o,
tent, also had the highest oxide-inclusion ra:ifny; exr 1 -3
the oxygen contert was rather.jow (26 ppm), hac a .- .
oxide-inclusion rating. ' Lot
t
’ : t.;t
g
x
7ot
- !
A
;‘. .
E
3 ;
) ,‘;
1
¢
' i
L)
]
1
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